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ABSTRACT
Carbon nanotubes (CNTs) are allotropes of carbon consisting of sheets of carbon
atoms covalently bonded in hexagonal arrays that are seamlessly rolled into a hollow, cylindrical shape with both ends rounded by fullerene-like caps. As large amounts of CNTs
have been manufactured and significant growth is expected in commercial CNT production, there is a major concern over their health and environmental risks once they enter
into the environment. In aquatic systems, CNTs are likely to adsorb organic chemicals
and aggregate as bundles due to their extremely hydrophobic surfaces. The aggregation
state of CNTs plays a significant role in their fate and transport in the environment, and
their adsorption of organic chemicals. There is still much to learn about the mechanisms
and factors controlling aggregation behavior of CNTs and adsorption of organic contaminants by CNTs. This knowledge is critical for the environmental risk assessment of both
CNTs and toxic organic chemicals as well as for evaluating the potential applications of
CNTs as adsorbents in water and wastewater treatment systems.
This study had four objectives. The first one was to investigate the impact of aggregation (e.g. bundle structure) on the CNT surface area and pore volume in the bulk
phase, and subsequent adsorption of synthetic organic compounds (SOCs) in aqueous solutions. Then, the roles of CNT physicochemical properties (e.g., surface area, pore volume, morphology and functional groups) on the adsorption of SOCs were examined. The
third objective was to study the role of selected SOC properties (e.g., hydrophobicity,
molecular size and configuration) on their adsorption by CNTs. Finally, the importance
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of selected background aquatic chemistry components (i.e., pH, ionic strength and presence of NOM) on adsorption of SOCs by CNTs was investigated.
Theoretical calculations and nitrogen adsorption analysis results demonstrated
that aggregation of CNTs led to a significant reduction in surface area, but a significant
increase of pore volume due to interstices trapped in the CNT aggregates. However,
based on the liquid phase adsorption results which showed that the adsorption of SOCs
by CNTs was controlled by available adsorption surface area rather than pore volume,
aggregation of CNTs was an unfavorable factor for the SOC adsorption.
The liquid phase adsorption results indicated that molecular configurations of
SOCs played a role in their adsorption by CNTs. For the planar phenanthrene (PNT), the
single-walled carbon nanotubes (SWNTs) showed significantly higher adsorption capacities and site energies than the multi-walled carbon nanotubes (MWNTs), whereas for the
nonplanar SOCs the adsorption capacity and site energy differences between the SWNTs
and the MWNTs became smaller with increasing concentration of SOCs. Surface functionalization of CNTs improved their dispersion in aqueous solutions, but decreased their
adsorption capacities for the hydrophobic SOCs, which was attributed to the formation of
water clusters around the oxygen-containing functional groups.
Among the three background water characteristics (pH, ionic strength and NOM)
examined, NOM showed the most significant effect on SOC adsorption, while solution
pH and ionic strength exhibited minimal or negligible impacts on SOC adsorption, depending on the physical structure and surface chemistry of CNTs as well as the physicochemical properties of SOCs. The presence of NOM, either spiked simultaneously with
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SOC or one-week-preloaded prior to the spiking of SOC, greatly suppressed the SOC adsorption by CNTs and the impact on the SWNTs was greater than that on the MWNTs.
The planarity and hydrophobicity of SOCs were two important factors that determined
the effects of NOM, pH and ionic strength on SOC adsorption by the CNTs.
In summary, this study showed the importance of CNT aggregation in the SOC
adsorption. The SOC sorption affinity on the CNTs depends on SOC molecular configuration (planarity) and CNT surface area. Also, the different impacts of NOM on adsorption indicated that planarity and hydrophobicity of SOCs were two important factors determining the effects of NOM. Future studies need to consider the factors and characteristics of CNTs that impact their aggregation and thus available surface area for adsorption,
which is important in the investigation of their adsorption properties. Furthermore, more
laboratory studies are required to investigate the adsorption of SOCs with different properties (e.g., functional groups).
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CHAPTER 1
INTRODUCTION
Carbon nanotubes (CNTs) are novel nanomaterials consisting of one or more
micrometer-scale graphite layers rolled into a seamless cylinder of nanoscale diameter
with both ends usually "capped" with half of a fullerene-like molecule [1]. The distinct
structure endows CNTs with unique and outstanding properties, which make them ideal
candidates for a wide range of commercial applications, such as conductive and highstrength composites, energy storage and energy conversion devices, sensors, field emission displays, hydrogen storage media, and nano-sized semi-conductor devices, probes,
and interconnects [2]. As large amounts of CNTs have been manufactured and significant
growth is expected in commercial CNT production [3], there is a major concern over their
health and environmental risks once they enter the environment. Early research have
shown that CNTs might enter the human body more easily and be more biologically active due to their higher specific surface areas compared to larger particles [4, 5]. This characteristic makes CNTs more likely to react with tissues in the body and cause cellular
and tissue damage [6, 7]. Recent studies have demonstrated that one of the common cytotoxic responses to CNT exposure in the lung is multifocal granulomas formation, which
resulted from the pulmonary inflammation [8-10]. Furthermore, the toxicity of CNTs is
not only from their own harmful nature but also may come from toxic substances adsorbed by them. CNTs have been demonstrated to act as strong adsorbents, due to their
highly hydrophobic surfaces, for organic compounds in aqueous solutions, such as polycyclic aromatic hydrocarbons [11-15], chlorobenzenes [16-18], dioxin [19] and natural
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organic matter [20-24]. There are also some studies on the adsorption of inorganic compounds, such as heavy metals, fluoride and the radionuclide 243-americium by CNTs
[25-30]. Thus, the toxicity of CNTs could be further increased by the adsorbed contaminants, and the fate and transport of toxic pollutants could be largely changed by their adsorption on CNTs. In a recent review, due to their high adsorption capacities, large external surface areas, and well developed mesopores, CNTs have also been suggested as
superior adsorbents for removal of natural organic matter (NOM), toxins, and bacterial
pathogens from water during drinking water treatment [31]. Therefore, understanding the
mechanisms and factors controlling adsorption of organic contaminants by CNTs is critical for both the environmental risk assessment of CNTs and toxic organic chemicals as
well as for evaluating their potential uses as adsorbents in water and wastewater treatment
applications.
Many studies have been conducted to investigate the mechanisms of organic
compound−CNT adsorptive interactions. One common observation from these studies
was that CNTs exhibited high adsorption capacity of hydrophobic organic compounds,
such as phenanthrene [13] and naphthalene [32], which was attributed to the hydrophobic
effect driving organic adsorbates from water onto the CNT surfaces. In addition to the
strong hydrophobic effect, π-π dispersion interaction has been widely accepted as the major interaction between aromatic hydrocarbons and surfaces of CNTs, because they share
similar chemical structures with aromatic hydrocarbons [17, 19, 33, 34]. Furthermore, in
a recent study, π–π electron donor acceptor (EDA) interaction between the π-electron-rich
aromatic ring of the adsorbates and the π-electron-depleted regions on the graphene sur-
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faces of CNTs, was proposed to better explain the stronger adsorption of nitroaromatic
compounds (nitrobenzene, 1,3-dinitrobenzene) relative to other nonpolar aromatic compounds (chlorinated and methylated benzenes) by CNTs [16]. Other mechanisms, including hydrogen bonds [16, 20, 35, 36] between the adsorbate −OH groups and CNT Ocontaining groups and electrostatic interactions [14, 23, 37, 38] between charged CNT
surface and electronic adsorbates, should be considered to completely explain the organic
compound−CNT adsorptive interactions. Moreover, previous studies have demonstrated
that these adsorptive interactions were controlled and influenced by an array of factors
[39-41], including the nature of the adsorbent (pore and surface structures, surface functional groups, etc.), the property of the adsorbing species (polarity, planarity, solubility,
molecular size, functional groups, etc), and the condition of the bulk solution (pH, ionic
strength, etc). All of these factors contribute to adsorption, resulting in a complex web of
interactions. However, present studies mostly emphasize the significance of a single mechanism, and limited information is available about the impact of various physicochemical factors on the adsorption of organic compounds by CNTs. Therefore, more systematic
investigations are needed to better understand the relative contributions of different adsorption mechanisms.
Aggregation is an important physicochemical attribute of CNTs that differentiate
them from other carbonaceous adsorbents (e.g., activated carbons, carbon fibers) [42].
Due to the strong van der Waals forces along the tube length axis, CNTs are prone to
form bundles in aquatic solutions [43], which would alter the size, shape, and surface area
of CNTs. Furthermore, aggregation (bundling) may significantly impact adsorption prop-
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erties of CNTs by reducing the surface area (a potential negative influence for adsorption),
but generating interstitial channels between nanotubes and grooves on the periphery of
the nanotube bundles (a potential positive influence for adsorption) [44]. However, thus
far, very few studies have been conducted to evaluate the role of aggregation in adsorption behavior of CNTs. Therefore, to understand the adsorption of organic compounds by
CNTs, their aggregation characteristics must be carefully considered in the analysis of the
adsorption data.
In natural aqueous environments, the behavior of CNTs and the interactions between organic compounds and CNTs are further complicated by the presence of NOM
[45]. It has been reported that NOM can improve the stability of CNTs in aqueous solutions due to the increased electrostatic and steric repulsion among NOM-coated nanotubes [46]. As a result, the well dispersed CNTs can readily move in the environment,
facilitating the transport of CNTs and organic contaminants, thus leading to potential exposure and ecotoxicity [45]. Furthermore, the SOC adsorption on CNTs could be altered
by (i) an increase in the adsorption sites due to better dispersed CNTs in the presence of
NOM, and (ii) a decrease in the competitive adsorption between NOM and SOCs on
CNTs by pore blockage and direct site competition. One recent study [13] showed that
the humic acid coating did not make any remarkable change on sorption of phenanthrene,
naphthalene, and 1-naphthol by one multi-walled carbon nanotube, whereas Chen et al.
[15] observed that the presence of humic acid reduced adsorption of naphthalene, 1,3dinitrobenzene, and 1,3,5-trinitrobenzene by 29−57% for a single-walled carbon nanotube, as measured by the change in distribution coefficient. The limited studies and some-
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times contradictory findings in the literature indicated that the underlying interaction mechanisms between NOM and CNTs, and the influence of coated NOM on sorption behavior of SOCs by CNTs warrant further investigations.
As a potential adsorbent for water and wastewater treatment, CNTs have been observed to be more efficient carbonaceous adsorbents than conventional activated carbons,
with higher adsorption capacity and energy due to more surface active sites on CNTs [19,
20, 22, 36, 47-50], shorter equilibrium time [17, 49] and less weight loss in reactivation
[50]. Synthetic organic compounds (SOCs) have always been a major environmental
concern because they exist widely in different industrial and domestic effluents [51, 52].
Some of these compounds have been found to be toxic, carcinogenic, mutagenic or teratogenic [53, 54] and relatively resistant to biodegradation. Adsorption is commonly employed to remove undesirable SOCs from water and wastewater streams [55-57]. Thus,
further research is needed to estimate the application potential of CNTs as an adsorbent
candidate for removing SOCs from water.
The main motivation for this thesis research was to improve our understanding of
the mechanisms and factors controlling adsorption of organic contaminants by CNTs,
which is critical for the environmental risk assessment of both CNTs and toxic organic
chemicals as well as for evaluating the potential applications of CNTs as adsorbents in
water and wastewater treatment systems. Specifically, this research project has focused
on four main objectives:
The first objective was to investigate the impact of aggregation (e.g. bundle
structure) on the CNT surface area and pore volume in the bulk phase, and subsequent
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SOC adsorption in aqueous solutions. To accomplish this goal, the characterization of
CNTs by using nitrogen adsorption analysis and theoretical calculations were conducted
to examine physical properties of CNTs. The results of characterization analyses were
also used to analyze the SOC adsorption in aqueous solutions.
The second objective was to explore the roles of CNT physicochemical properties (e.g., surface area, pore volume, morphology and functional groups) on the adsorption of SOCs. Commercially available single-walled carbon nanotubes (SWNTs) and
multi-walled carbon nanotubes (MWNTs) with different surface areas, pore volumes and
morphologies, were selected to examine the major properties of CNTs controlling adsorption of SOCs in aqueous solution. In addition, the role of functional groups (-OH and –
COOH), which might alter the accessibility of sorption sites and surface chemistry of
CNTs, was evaluated by comparing non-functionalized and surface functionalized CNTs.
The third objective was to examine the role of selected SOC properties (e.g., hydrophobicity, molecular size and configuration) on their adsorption by CNTs. Three
SOCs, phenanthrene (PNT), biphenyl (BP) and 2-phenylphenol (2PP), with different characteristics were carefully chosen to investigate the role of the selected physicochemical
properties of SOCs on their adsorption by CNTs.
The fourth objective was to investigate the importance of selected background
aquatic chemistry components (i.e., pH, ionic strength and presence of NOM) on adsorption of SOCs by CNTs. Adsorption of three SOCs by a set of SWNTs and MWNTs
under varied solution chemistry conditions of pH and ionic strength were systematically
examined. In addition, adsorption of SOCs by CNTs were performed with NOM preload-
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ing and competitive adsorption to elucidate the interaction between CNTs and NOM, the
effect of NOM coating on adsorption of SOCs, and the competitive adsorption between
SOCs and NOM.
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CHAPTER 2
BACKGROUND
2.1

Carbon Nanotubes
Carbon nanotubes (CNTs) have attracted considerable academic and industrial in-

terest since their discovery by Iijima in multi-walled form in 1991 [58] and as singlewalled CNTs two years later [59]. Due to their outstanding and unique mechanical, electrical and chemical properties, CNTs are considered one of the most promising materials
in nanotechnology, and their applications have grown dramatically in recent years.
2.1.1 Structure of CNTs
The basic structure of CNTs can be described by rolling graphite layers into a
seamless cylinder with each end "capped" with half of a fullerene-like molecule [1].
Bonding in the hexagonal graphite sheet of carbon atoms is essentially in a sp2 hybridization state. One s and two p orbitals are rearranged, giving three orbitals pointing to the
vertices of an equilateral triangle. These three orbitals are capable of producing σ bonds.
The third p orbital, lying perpendicular to the triangle, builds a π bond with an identical p
orbital on another carbon atom. In graphite, three in-plane σ bonds are formed with an
out-of-plane π bond. However, the circular curvature of CNTs will cause σ-π rehybridization in which three bonds are slightly out of the plane; the π orbital is more delocalized
outside the tube [60], which makes CNTs mechanically stronger and chemically more
active than graphite.
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Figure 2.1 The structure of CNTs. (A) SWNTs consist of one graphite layer; (B) MWNTs
consist of multiple concentric graphite layers (adapted from
http://www.physics.bc.edu/emxrd/swcnt.jpg and
http://www.jyu.fi/science/laitokset/fysiikka/en/research/, respectively).
CNTs can be categorized as single-walled (SWNTs) [59] and multi-walled carbon
nanotubes (MWNTs) [58], based on the number of graphite layers (Figure 2.1). Typically,
the diameter of a SWNT ranges from 1.0 – 2.0 nm with the smallest diameter reported as
0.4 nm [61, 62]. SWNTs have high van der Waals interactions, as a result they form
ropes and are hardly ever found in the form of single individual tubes [63-65]. Such ropes
or bundles of SWNTs are usually 10 – 30 nm wide and contain several tens of individual
nanotubes. On the other hand, MWNT form in a range of diameter, typically between 2 –
25 nm inside and 20 – 50 nm outside [1]. The inter-layer spacing between the two cylinders is 0.34 nm, which is slightly larger than in graphite 0.335 nm, due to geometrical constraints caused by the curvature [58].
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Figure 2.22 The bundlle structure of CNTs (aadapted from
m http://ww
ww.photon.t.utokyo.ac.jpp/).
CNTs are
a extremeely hydrophhobic due tto their sim
milar properrties with graphite.
g
S
is further
f
compplicated by the strong vvan der Waals inteThee physical sttructure of SWNTs
racttions along the length axis, whichh aggregate nanotubes into bundlees and, thuss inhibit
theiir dispersionn in water [43,
[
66, 67]] (Figure 2.22). This com
mplicates thhe efforts too utilize
the nanotubes properties in
i the manuufacture of composite materials, as well as in other
p
m mixtures oof CNTs witth many
pracctical appliccations whicch require preparation
of uniform
diffferent organnic, inorgannic, and pollymeric maaterials. Funnctionalizatiion is a proocess of
attaching active functionaal groups to the surfacee of CNTs to
t improve their solubiility and
a
inccidental surrface functioonalization can also occur durproccessibility [68-71]. In addition,
ing the purification proceedures usedd to removee amorphouus carbon aand metal contamic
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nants from CNTs or as a result of their exposure to oxidizing agents in the environment
[72].
Several procedures have been developed in recent years to functionalize CNTs.
These procedures include covalent functionalization of the sidewalls and defects [73, 74],
noncovalent exohedral functionalization, for example, wrapping nanotubes with polymers
[69, 75, 76] and endohedral functionalization [76].
2.1.2 Properties and Applications of CNTs
In terms of mechanical properties, CNTs are among the stiffest (Young’s modulus)
and strongest (yield strength) materials. This strength results from the covalent sp2 bonds
formed between the individual carbon atoms [60]. The strength of carbon is so high that
if an external stress is applied at their tips, the tubes will bend without damage. CNTs also have very high elastic modulus, on the order of 1 TPa [77]. When the external stress is
removed, the tubes completely bounce back to their original shape. Additionally, depending on the exact way CNTs are wrapped, they are either metallic or semiconducting. Thus,
some nanotubes have conductivities higher than that of copper, while others behave more
like silicon [2]. There is great interest in the possibility of constructing nanoscale electronic devices from nanotubes, and some progress has been made in this area. Furthermore, CNTs can provide a large surface area which could be useful in mechanical and
chemical applications. Besides mechanical, electrical and surface properties, CNTs also
have unique magnetic, optical and thermal properties [1, 60, 77-79].
It should be noted that superior adsorption characteristics of CNTs over activated
carbons for water and wastewater treatment have also been reported in literature. For ex-
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ample, by using a technique based on temperature-programmed desorption, Long and
Yang [19] observed a desorption energy of dioxin adsorbed by CNTs three times higher
than that by activated carbon and seven times higher than that by γ-Al2O3. They also suggested higher dioxin removal efficiency by CNTs than activated carbon. Lu et al. [49]
have found that CNTs have higher adsorption capacity for trihalomethanes (THMs) and
shorter adsorption equilibrium time than powdered activated carbons. As well, the short
equilibrium time (40 min) observed for adsorption of 1,2-dichlorobenzene (DCB) by
CNTs also suggests that CNTs have very high adsorption efficiency to remove DCB from
water [17]. Su and Lu [50] studied the adsorption kinetics and thermodynamics of dissolved NOM on CNTs. The results showed a higher NOM adsorption capacity and less
weight loss after 10 cycles of water treatment and reactivation for SWNTs than that for
activated carbon. In addition, because of the strong oxidation resistance and rigid structure, SWNTs could be used for a longer time than activated carbon. All these studies indicate that CNTs could be a potential adsorbent for water treatment.
Overall, based on their remarkable properties, CNTs make themselves an ideal
candidate for a wide range of applications, such as conductive and high-strength composites; energy storage and energy conversion devices; sensors; field emission displays and
radiation sources; hydrogen storage media; and nanometer-sized semi-conductor devices,
probes, interconnects, and adsorbent for water and wastewater treatment.
2.1.3 Potential Harmful Effects of CNTs
Previous epidemiologic studies of air pollution suggest that small particulates
have a strong association with cardiopulmonary diseases [80]. Research has shown that
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nanoparticles may enter the human body more easily and become more biologically active because of their larger surface area per mass unit as compared to larger particles [4].
A high proportion of their atoms are on their surfaces, allowing them to more readily
react with adjacent atoms and substances. These properties also make them more likely to
react with tissues in the body and cause cellular and tissue damage [6, 7]. Moreover, nano-materials are transported readily through body and environmental barriers, and when
inhaled they can translocate to other organs, including the brain [4]. Several recent animal
studies suggest that CNTs can have significant pulmonary effects. A Dupont study, for
example, found that exposures to SWNTs produce immediate (but transient) non-dosedependent inflammation and granulomas in mice lungs [9].
The large surface areas of CNTs may also cause adsorption of pollutants and
transport them throughout the environment. Several studies have investigated CNTs as
superior sorbents of organic pollutants, and inorganic compounds including radionuclides
[11, 81, 82]. Therefore, the toxicity of CNTs may result from their own harmful nature as
well as from the toxic substances adsorbed by them. An understanding of the adsorption
characteristics of CNTs is critical for assessing the environmental risk of these nanomaterials.
2.2

Synthetic Organic Compounds
Synthetic organic compounds (SOCs) encompass a wide range of commercially

produced chemicals, including pesticides, plastics, detergents, petroleum products, and
industrial solvents. Some of these compounds and their process by-products have been
found to be toxic, carcinogenic, mutagenic or teratogenic, and their use in the United
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States has been restricted or suspended by the United States Environmental Protection
Agency (USEPA) [83]. Unfortunately, due to their productions in large quantities, SOCs
have continued to enter the aquatic environments (lakes, rivers, and groundwater) from
atmospheric sources, industrial and municipal effluents and agricultural runoffs, overall
resulting in serious environmental problems. In addition, remediation of soils, sediments,
surface waters and ground waters contaminated with SOCs has been a major challenge
because of the persistence of many of these compounds under a wide range of environmental conditions. Several biological and chemical methods have been used for the removal of SOCs from drinking water and wastewater. They have achieved limited success
for refractory SOCs which are present in certain industrial wastewaters. Chemical oxidation processes (e.g., ozone and hydroxyl radicals) can also be used for removing SOCs;
however, they may not always be feasible to apply. Thus, adsorption is still considered
and employed as an effective technology for removing some SOCs from drinking water
and wastewater.
2.3

Adsorption of Organic Compounds by CNTs
Adsorption, the accumulation of one component (adsorbate) on the surface of a

material (adsorbent), is associated with three types of interactions among adsorbateadsorbent-solvent: physical, chemical and electrostatic interactions [84]. These interactions are affected by the characteristics of adsorbents (surface area, pore size distribution,
surface chemistry, etc.), the nature of the adsorbates (polarity, planarity, solubility, molecular size, functional groups, acid-base dissociation ability, etc), and the background so-
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lution chemistry (pH, ionic strength, adsorbate concentration, presence of organic matter,
etc…) [40, 41]. All of these factors work together to determine the adsorption process.
It should be noted that adsorption by CNTs has been a very rapidly growing literature in recent years, and a large number of the papers on this topic has continued to appear during the course of this research. At the beginning of this research, there were approximately twenty peer-reviewed publications in the literature. This number exceeded
100 during the course of this research. In this review, it was attempted to capture and review as many papers as possible found in the literature. On the basis of CNTs properties,
such as large specific surface areas and hydrophobic surfaces, CNTs have already been
widely investigated for removing organic pollutants from aqueous solutions [11-13, 15,
17, 19, 23, 24, 49, 85-87], and can be easily modified by chemical treatment to change
their adsorption capacity [14, 88-94]. Numerous studies have been conducted to understand the adsorption mechanisms of organic compound-CNTs-background solution interactions [11, 16, 17, 19, 23, 33, 34, 47-49, 85, 87, 95, 96], such as hydrophobic interaction, π-π bonds, π-π electron-donor-acceptor (EDA) interaction, and hydrogen bonding.
In the following sub-sections, adsorption by CNTs will be reviewed in terms of the effects of both CNT and organic chemical properties and the effect of background solution
chemistry.
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2.3.1 Effect of CNTs Properties
2.3.1.1 Role of Physical Properties of CNTs
As mentioned before, CNTs adhere to each other and form bundles or ropes due
to strong van der Waals interactions. The aggregation of CNTs leads to a reduction in the
surface area, while generating interstitial channels between nanotubes and grooves on the
periphery of the nanotube bundles. Additionally, the adsorption sites for MWNTs includes the concentric channels between nanotubes layers; however, the channels are believed to be too narrow (0.34nm) to be accessible to a majority of adsorbate molecules
[97]. Thus, the external surface, inner cavities, interstitial channels, and external grooves
constitute the four possible sites for adsorption, as depicted in Figure 2.3 [44, 98]. Inner
cavities can provide a very large surface area and an effective pore volume for adsorption
but they need to have opened-ends [99]. And the accessibility of interstitial channel depends on the size of neighboring nanotubes and, as a result, some channels can be wide
enough to accommodate adsorbate molecules. Besides, some sorption sites would be
blocked by impurities, such as amorphous carbon and metal catalyst [99, 100]. Therefore,
purification treatments have been applied to remove impurities and hemispherical caps,
hence changing the surface area and sometime surface chemistry of CNTs [92]. Overall,
adsorption sites of CNTs depend on the degree to which nanotubes are open, contribution
of individual nanotube sites, and purity of CNTs.
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Figure 2.3 Schematic structure of SWNT bundle (adapted from [44]).
Specific surface area (SSA) of CNTs, which is routinely determined by the experimental measurement of gas adsorption, can be as high as 1587 m2/g [101]. However, the
reported SSA of CNTs used as adsorbents normally ranges from 55 to 541 m2/g [13, 35,
94, 102] and is generally lower than those of activated carbons [22, 37, 103]. Several studies concluded that surface area was a critical but not the only factor determining the adsorption capacities among SWNT and MWNTs [11, 20, 22, 36, 104-106]. Lin and Xing
[20] found that sorption affinity of MWNTs for tannic acid was positively related to the
SSAs of MWNTs, but surface area failed to explain the lower adsorption on SWNT,
which had a higher surface area than one MWNT. They attributed this observation to the
smaller diameter or higher aspect ratio would cause tighter aggregation and entanglement
and result in less sorption sites for tannic acid. A similar observation has been reported
recently by Wang et al. [106] who reported that MWNTs of larger diameter had higher
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dispersion as compared to those of smaller diameter, leading to more accessible sorption
sites. In addition, decreased CNTs diameter enlarges nanoscale curvature of tube walls,
which would reduce the amount of contact area between the adsorbate molecule and tube
surface [96], leading to the lower sorption affinity.
When comparing the adsorption on CNTs and activated carbons, the pore structure plays a major role in adsorption capacity, kinetics, and size exclusion phenomenon
[22, 24, 37, 47, 50, 86, 92, 102]. According to the International Union of Pure and Applied Chemistry (IUPAC) pore diameters are classified as micropores (<20 Å), mesopores (20-500 Å) and macropores (>500 Å) [107]. Most activated carbons are microporous, whereas in aqueous solutions, CNTs form porous interstices with large pore sizes
(mesopores) along with inner cavities (if uncapped) [108]. Pore size distribution determines the amount of accessible surface area for adsorbates because a compound can only
absorb in pores equal to or larger than its size. Mesopores are dominant for CNTs, while
the available sorption sites of activated carbon are mostly micropores with widths smaller
than 2 nm [22]. In a recent study, Ji et al. [102] reported that CNTs exhibited higher sorption affinity of tetracycline (bulky organic molecule) than activated carbon but weaker
adsorption of naphthalene (small molecule). Similar results have also been reported in
previous studies of CNTs [22, 24, 37, 47, 50, 86], which indicate that the pore size distribution of a carbonaceous absorbent with respect to the molecular dimensions of a organic
compound is important to the adsorption behavior.
The role of adsorption sites can also be affected by surface defects and structural
deformation on the nanotubes. This is because pristine CNTs are often found mixed with
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impurities, such as amorphous carbon and catalyst particles, which could weaken the adsorption by hindering the accessible adsorption sites or could make sorption easier by
providing rough surfaces and attachment of organics on CNTs [17].
Aggregation is a characteristic that differentiate CNTs from other carbonaceous
adsorbents (e.g., activated carbons, carbon fibers), and it may also significantly impact
their adsorption properties [93]. The degree of CNTs aggregation might alter the accessibility of organic compounds to adsorption sites by changing the size of interstitial channels [94]. Wang et al. [13] observed that peptone coating more strongly suppressed sorption of phenanthrene, naphthalene, and 1-naphthol by MWNT than humic acid coating.
They attributed this to the enhanced aggregation of MWNT in the presence of peptone
than humic acid, leading to a greater reduction in accessibility of sorption sites by peptone coating. Thus, both the surface area and the accessibility of sorbates to the CNTs
surface area, which would be altered by different nanotube diameter, pore size distribution and the degree of CNTs aggregation, must be carefully considered in studying adsorption by CNTs.
2.3.1.2 Role of Functional Groups of CNTs
Oxygen-containing functional groups of CNTs, such as –OH, -C=O, and –COOH,
could be introduced during purification using strong oxidizing acids for removal of
amorphous carbon and metal catalyst [37, 100], intentional oxidation to functionalize the
surface [75, 109, 110] or incidental exposure to oxidizing agents (e.g., O3) after release
into the environment [111, 112]. The existence of oxygen-containing functional groups
on the oxidized CNTs might alter the accessibility and affinity of CNTs to adsorbate mo-
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lecules [69, 113]. The change in accessibility can be attributed to: 1) the increase in the
size of interstitial channel by enhanced dispersion, due to an improvement in the wettability of CNT surfaces; and 2) the decrease of available adsorption sites by blocking (with
functional groups or water clusters formed around the functional groups) of the inner cavities and interstitial channels of CNTs [94]. A recent study reported that incorporated
functional groups created polar regions that reduced the surface area available for naphthalene sorption; and as little as a 10% increase in surface oxygen concentration resulted
in a decrease of the maximum adsorption capacity of naphthalene by roughly 70% [94].
The affinity of CNTs to adsorbate molecules is determined mainly by hydrophobic, π-π, H-bonding and electrostatic interactions [45]. Functional groups can make CNTs
more hydrophilic, which promotes the adsorption of relatively low molecular weight and
polar compounds [49] but hardly affects hydrophobic organics [104]. On the other hand,
the presence of surface groups may hinder the π-π interaction between the benzene ring
of an aromatic sorbate and the graphite sheets of CNTs, as proposed by Chin et al. [37] to
counterbalance the positive effect on adsorption by increased surface area. In addition,
previous observations demonstrated that the oxygen functional groups depressed the
sorption of organic chemicals on CNTs [85, 88, 94, 95, 103] via competitive water adsorption and hydrogen bonding. Furthermore, the presence of oxygen groups on CNTs
promotes the electrostatic repulsion between the CNT surface and polar sorbates, leading
to the reduction of uptake capacity [103]. The π–π EDA interaction , proposed by Lin
and Xing [105] as major factor to account for the adsorption of phenolics on CNTs, might
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be influenced by functional group as well [37, 103]. The overall influence of functional
groups on adsorption depends on the relative contribution of these individual mechanisms.
2.3.2 Effect of Organic Compound Properties
Adsorbate properties, including molecular size [11, 14, 15, 88, 102, 105, 106],
configuration (e.g. planarity) [16, 36, 96, 105], hydrophobicity [11, 13, 14, 106, 108],
aromaticity [16, 88, 105, 106] and substituent groups [15, 16, 35, 37, 88, 92, 103, 105,
106, 114], have been investigated as important factors that influence CNTs adsorption.
As mentioned above, the molecular size of organic compounds with respect to the pore
size distribution of CNTs is important to the adsorption behavior since it determines the
accessible pore volume of CNTs [11, 12]. A significant molecular sieving effect has been
observed by Chen et al. [16] on adsorption of tetrachlorobenzene (a bulky compound)
and chlorobenzene by CNTs, and they postulated that tetrachlorobenzene could not
access some of the innermost surfaces of MWNTs.
It is reasonable to expect a significant effect of the geometrical configurations of
organic compounds on their interaction with CNTs because of the specific nanocurvature
and groove area of CNT surface. In a recent CNT study conducted by Pan et al. [36], it
was demonstrated that higher adsorption capacity of biphenol A (BPA) over 17a-ethinyl
estradiol (EE2) was due to the unique “butterfly” structure of BPA favoring its attachment on the groove region of CNTs. Besides, the longitudinally-parallel external surface,
the groove and interstitial channels can provide more favorable adsorption sites to planar
compounds than that to nonplanar compounds based on the π-π contact [115].
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The hydrophobicity of organic compound can be a driving force for its accumulation on the adsorbent surface, which is an important interaction in the adsorption of hydrophobic and nonpolar organic compounds from aqueous solution by CNTs. This is understandable considering the strong nonpolarity and hydrophobicity of CNTs, which can
be described by using KOW (octane-water distribution coefficient) or KHW (hexadecanewater distribution coefficient). Many studies found that the adsorption affinities of different adsorbates correlated well with their hydrophobicity [11, 13, 14, 106, 108].
In addition to the molecular size, shape and the hydrophobicity of organic compounds, several studies [16, 88, 105, 106] demonstrated the importance of aromaticity
(the number of aromatic rings and their spatial arrangement) in the interaction between
aromatics and CNTs. The π−π dispersion interaction, which is widely accepted as the major interaction for the adsorption of aromatic hydrocarbons on the electronic polarized
surface of CNTs [17, 19, 33, 34], would be enhanced as increasing the number of aromatic rings. It has been reported that the higher sorption affinity of 1-naphthol (with two
benzene rings) than phenol (with one benzene rings) to CNTs was attributed to the higher
π−π interaction between 1-naphthol and the tube surface [105].
Furthermore, the substituent (position, number and different type) on the benzene
ring may be another factor affecting or controlling adsorption capacities of CNTs. Chin et
al. [37] reported that both pristine and purified SWNTs showed a higher adsorption capacity of o-xylene than that of p-xylene due to the stronger dispersive attractions and
lower electrostatic repulsions between o-xylene and SWNTs, suggesting that the sorption
was influenced by the position of methyl group on xylene molecules. In another study by
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Lin and Xing [105], adsorption affinity of organic compounds by CNTs was observed to
increase in the order of phenol (1 –OH) < catechol (2 –OH) < pyrogallol (3 –OH), and
was greatly enhanced with increasing the number of –OH substituent due to the π-π EDA
interaction between –OH aromatic molecules (electron donors) and the highly polarized
graphite sheets (electron acceptors) of CNTs. Several consistent observations have been
reported to further confirm the significant influence of substituents on the organic compound-CNT interactions by the enhanced π-π EDA interaction. Recently, the adsorption
of a series of phenols and anilines with different groups (nitro, chloride, and methyl) on
MWNTs was investigated by Yang et al. [35]. They found that nitro, chloride, and methyl
groups on either phenol or aniline enhanced their adsorption on MWNT and follow the
order: nitro group > chloride group > methyl group. These results indicated that both
electron-withdrawing (e.g., -NO2 and -Cl) and electron-donating (e.g., -OH) substituents
on benzene ring could enhance the adsorption to CNTs and CNTs would act as amphoteric adsorbents attracting both π-acceptors and π-donors to the surface.
2.3.3 Effect of Solution Chemistry
Solution chemistry such as pH, ionic strength, and the presence of NOM can also
affect the adsorption properties by their effects on the interactions between organic adsorbates and CNTs.
2.3.3.1 pH
To understand the effect of pH on adsorption of CNTs, the role of pH in adsorption mechanisms should be recognized. With increasing pH, enhanced dissociation of io-
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nizable organic compounds would increase their hydrophilicity and might consequently
decrease their adsorption by CNTs [22, 23, 35, 103, 105]. In addition, increased pH generally leads to enhanced deprotonation of the oxygen groups on the CNTs and formation
of water cluster on these groups, which blocks access to the nanotube surface and interferes with the donor-accepter complex between organic chemicals and carbonyl sites on
CNTs, thus decreasing the adsorption [17, 24, 49]. On the other hand, the enhanced dissociation of functional group from ionizable adsorbate may hinder the formation of hydrogen bonds between functionalized CNTs surface and dissolved adsorbates, which
would reduce the adsorption as well [22]. Furthermore, both the surface of CNTs and ionizable organic compounds might become more negatively charged as pH increases,
leading to the increase of electrostatic repulsion between adsorbates and CNTs [22-24, 93,
105]. Among these mechanisms, π–π dispersion interaction between the aromatics and
SWNTs is independent of solution pH. The π–π EDA interaction was proposed by Lin
and Xing as major factor to account for the adsorption of phenolics on CNTs [105].
Therefore, the effect of pH on π–π EDA interaction may also play an important role in the
overall contribution of pH [15, 102]. In a recent study [15] investigating the effect of pH
on adsorption of three nonionic aromatic compounds by SWNTs, it has been observed
that changing pH from 2 to 11 did not affect adsorption of naphthalene, based on which
they ruled out the pH-mediated adsorbent hydrophobicity, while it increased adsorption
of 1,3-dinitrobenzene and 1,3,5-trinitrobenzene by two to three times. They attributed this
observation to that increasing pH facilitated deprotonation of acidic functional group of
CNTs, which promoted π–electron donor ability of the graphene surface (-O- is a stronger
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electron donor than –OH), therefore, enhancing π–π EDA interaction of the two nitroaromatics. On the other hand, Yang and Xing [22] observed the reverse trend for fulvic
acid adsorption, which was reduced greatly with increasing pH because of the increase of
electrostatic repulsion and the decrease of hydrophobic and H-bond interactions. Therefore, previous studies demonstrated that the overall pH effects was dependent on the balance between all positive and negative interactions [114].
2.3.3.2 Ionic Strength
The influence of ionic strength on the adsorption capacity of organic compounds
by CNTs has been demonstrated by different studies [15, 21, 23, 24, 116]. It has been
suggested that ionic salts are involved in a variety of mechanisms, including interactions
with adsorbates both in solution and on the CNTs surface, and in the alteration of the
CNT surface charge. Therefore, it is expected that the influence of ionic salts on adsorption capacity will change according to the electrostatic nature, hydrophobicity (due to
“salting out” effect) and configuration of the adsorbates. Generally, increasing ionic
strength could lead to a rise in the activity coefficient of dissolved NOM, making these
organic molecules more compact and less soluble, thus enhancing their adsorption on
CNTs [24]. In addition, in a recent study, Hyung and Kim [21] attributed this positive
effect of ionic strength on adsorption affinity to the enhanced double layer compression
in NOM-CNT agglomerates along with more compact structure and hydrophobic NOM.
It has been suggested in previous study that positive salt cations could neutralize the negative charge of both the carbon surface and adsorbate, decreasing the electrostatic repulsion between them and enabling carbon to absorb more molecules [117].
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2.3.3.3 NOM
Since evidence for potential toxicity of CNTs is accumulating rapidly and there is
a significant increase in the commercial productionof CNTs [6, 9, 10, 81, 82, 118], investigating their transport and fate in the environment is an important issue for evaluating
their environmental and health impacts. NOM, ubiquitous in natural waters, may change
the surface charge, aggregation behavior and mobility of CNTs in aquatic systems due to
their adsorptive coating of CNTs. Adsorptions of NOM (including humic acid [13], fulvic
acid [23] and tannic acid [20]) on CNTs have been reported [21, 24, 50], which will also
affect sorption of organic compounds by CNTs [13, 15, 106]. Three routes have been
proposed to explain the impact of NOM on organic compound-CNT adsorptive interactions: (1) NOM may enhance the dispersion of CNTs [20, 21, 46] by coating, which
would alter adsorption sites by generating more surface area through debundling and reducing the interstitial channel between tubes and external grooves; (2) the competitive
adsorption of NOM on CNTs suppresses sorption of organic compounds by pore blockage and direct site competition [15]; and (3) the presence of NOM could increase the solubility of hydrophobic organic compounds [119], thus decreasing their adsorption on
CNTs.
Different dispersion mechanisms have been presented to elucidate the role of
NOM on CNTs suspension. According to Buffle et al. [120], three classes of aquatic organic compounds may be distinguished in NOM: (1) the rigid biopolymers, (2) the soilderived fulvic compounds, and (3) the flexible biopolymers. The latter two groups of
NOM, highly charged, influence the surface charge of CNTs primarily. A previous study
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[46] reported that NOM can enhance the dispersion of CNTs as a result of the increased
electrostatic repulsion among NOM-coated individual nanotubes with similar charge. In
addition, steric repulsion has been proposed by Lin and Xing [20] as a primary mechanism accounting for the improved stabilization of CNTs by tannic acid (TA). The thickness of TA coating could be sufficient to keep CNTs separated by steric repulsion between the TA-coated layers, and the van der Waals forces were too weak to cause the individual CNTs to aggregate. Furthermore, a recent study [21] reported that the amount of
MWNT suspended in the aqueous phase generally increased as more NOM was adsorbed
on MWNT, which was determined by the adsorptive interactions between NOM and
CNTs. Previous studies [13, 20-24, 50, 106] have demonstrated that the NOM components interacted strongly with the CNT graphene surface via hydrophobic forces and π–π
dispersion effect, and with surface functional groups, if available, via hydrogen bonding
and electrostatic interaction. Therefore, the exact dispersion mechanism of CNTs in
NOM solutions depends on both NOM characteristics including aromaticity, charge density and size as well as CNT properties.
Only a few studies [13, 15, 106] have evaluated the influence of NOM on adsorption of organic compounds by CNTs. The adsorption of three nonionic aromatic compounds, naphthalene, 1,3-dinitrobenzene, and 1,3,5-trinitrobenzene by SWNTs in the absence and presence of humic acid was investigated by Chen et al. [15]. In this study, the
presence of humic acid reduced adsorption of all the three compounds by CNTs, and authors attributed this observation to the molecular sieving, pore blockage and competitive
adsorption by humic acid. In another resent study, Wang et al. [13] examined the effect of
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three coating of CNTs, peptone, ɑ-phenylalanine and humic acid coating, on adsorption
of three hydrophobic organic compounds (HOCs) by various MWNTs. They concluded
that peptone coating resulted in the strongest suppression on sorption of the three HOCs
by MWNTs among the three types of dissolved organic matter used, due to its highest
sorption and the decreased surface area on MWNTs, thus causing a great reduction in accessibility of sorption sites for HOCs. However, humic acid coating did not suppress
HOCs sorption by MWNTs, due to the possible dispersion of MWNTs as induced by the
adsorbed humic acid molecules thus creating new sites for HOC sorption.
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CHAPTER 3
RESEARCH OBJECTIVES AND APPROACH
The main motivation for this work was to improve our understanding of mechanisms and factors controlling adsorption of SOCs on CNTs, which is critical for the environmental risk assessment of both CNTs and toxic organic chemicals as well as for optimizing the applications of CNTs as adsorbents. Specifically, this research project focused
on four main objectives:
1. The first objective was to investigate the impact of aggregation (e.g. bundle
structure) on the CNT surface area and pore volume in the bulk phase, and
subsequent SOC adsorption in aquatic solutions. To accomplish this goal, the
characterization of CNTs by using nitrogen adsorption analysis and theoretical
calculations were conducted to examine physical properties of CNTs. The results
of characterization analyses were used to analyze the SOC adsorption in aqueous
solutions.
2. The second objective was to explore the roles of CNT physicochemical properties (e.g., surface area, pore volume, morphology and functional groups) on the
adsorption of SOCs. Commercially available SWNTs and MWNTs with different
surface areas, pore volumes and morphologies, were selected to examine the major properties of CNTs controlling adsorption of SOCs in aqueous solution. In addition, the role of functional groups (-OH and –COOH), which might alter the accessibility of sorption sites and surface chemistry of CNTs, was evaluated by
comparing non-functionalized and surface functionalized CNTs.
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3. The third objective was to examine the role of selected SOC properties (e.g., hydrophobicity, molecular size and configuration) on their adsorption by CNTs.
Three SOCs, phenanthrene (PNT), biphenyl (BP) and 2-phenylphenol (2PP), with
different characteristics were carefully chosen to investigate the role of the selected physicochemical properties of SOCs on their adsorption by CNTs.
4. The fourth objective was to investigate the importance of selected background
aquatic chemistry components (i.e., pH, ionic strength and presence of NOM)
on adsorption of SOCs by CNTs. Adsorption of three SOCs by a set of SWNTs
and MWNTs under varied solution chemistry conditions of pH and ionic strength
were systematically examined. In addition, adsorption of SOCs by CNTs were
performed with NOM preloading and competitive adsorption to elucidate the interaction between CNTs and NOM, the effect of NOM coating on adsorption of
SOCs, and the competitive adsorption between SOCs and NOM.
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CHAPTER 4
MATERIALS AND METHODS
4.1

Materials

4.1.1 Adsorbents
Three SWNTs (non-functionalized [SWNT], carboxyl functionalized [SWNTCOOH], and hydroxyl functionalized [SWNT-OH]) were purchased from Chengdu Organic Chemicals Co., Ltd of the Chinese Academy of Sciences. Three MWNTs (nonfunctionalized [MWNT], carboxyl functionalized [MWNT-COOH], and hydroxyl functionalized [MWNT-OH]) were obtained from Nanostructured & Amorphous Materials,
Inc., USA. All the CNTs were manufactured by the catalytic chemical vapor deposition
method. Their properties provided by the manufacturers are summarized in Table 4.1.
CNTs were used as-received since the main focus in the study was to examine adsorption
characteristics of commercially available CNTs.
Table 4.1 Selected Properties of CNTs
CNT

Out diameter Inner diameter
(nm)
(nm)

Length

Purity

Bulk density
(g/cm3)

(μm)

SWNT

1-2

n.d.

5-30

90+%

0.30

SWNT-OH

1-2

n.d.

5-30

90+%

0.30

SWNT-COOH

1-2

n.d.

5-30

90+%

0.30

MWNT

8-15

3-5

10-50

95+%

0.05

MWNT-OH

8-15

3-5

10-50

95+%

0.05

8-15

3-5

10-50

95+%

0.05

MWNT-COOH
n.d.: not determined.
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4.1.2 Adsorbates
Phenanthrene (PNT, 99.5+%), biphenyl (BP, 99+%), and 2-phenylphenol (2PP,
99+%) were obtained from Sigma-Aldrich Chemical Co. The properties of the three
SOCs are summarized in Table 4.2 and their molecular configurations are schematically
shown in Figure 4.1.

PNT

BP

2PP
Figure 4.1 The molecular configuration of SOCs. (Simulated with ACDLABS 11.0)
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Table 4.2 Selected Physicochemical Properties of SOCs
SOC Planarity

Molecular sizea
(Å × Å × Å)

MWb

MVc

Density

Swd

pKa

log Kow f

(g/mol) (g/cm3) (cm3/mol) (mg/L)

LODFL g LODUV h
(µg/L)

(µg/L)

PNT Planar

11.7 × 8.0 × 3.4

178.23

1.063

167.67

1.1

n.a. 4.68 ± 0.17

0.20

100

BP

Nonplanar

11.8 × 6.8 × 4.7

154.21

0.992

155.45

6.1

n.a. 3.98 ± 0.23

0.10

100

2PP

Nonplanar

11.8 × 7.8 × 5.4

170.21

1.213

140.32

700

9.6e 2.94 ± 0.25

0.20

150

d

a

simulated with ACDLABS11.0 (ChemSketch and ACD/3D Viewer); b molecular weight; c molecular volume; water solubility; n.a.: not applicable; e
cited from [121]; f simulated with ACDLABS11.0 (ChemSketch and ACD/3D Viewer); g limit of detection for HPLC with fluorescence detector; h limit
of detection for HPLC with UV detector.
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4.1.3 Background Solution
NOM used in this study was collected from influents of Myrtle Beach drinking
water treatment plants in South Carolina using a reverse osmosis system, as described
elsewhere [122]. Specific ultraviolet absorbance (SUVA254) and size exclusion chromatography were employed to characterize the NOM in this study. SUVA254, defined as the
ratio of UV absorbance at 254 nm divided by the dissolved organic carbon (DOC) concentration in units of L/mg-m, is used as an indicator of the aromatic character of the organic matter. The DOC concentration was determined using a high-temperature catalytic
combustion total organic carbon analyzer (Shimadzu TOC-V CSH) after filtration with
0.45 -µm prewashed filter paper. And the UV254 absorbance was measured by a UV spectrophotometer (Beckman DU 640). The SUVA254 value of the NOM was around 5.1
L/mg-m, indicating that this organic matter has a hydrophobic nature and is rich in aromatic contents [123, 124]. The weight average molecular weight of the NOM was determined as 1077 g/mol by using a size exclusion chromatography system [125].
4.2

Characterization of Adsorbents
Nitrogen gas adsorption at 77.4 K and water vapor adsorption at 273 K were per-

formed with a physisorption analyzer (Micromeritics ASAP 2010) to characterize the surface areas, pore size distributions, and surface polarity of the CNTs. The BrunauerEmmett-Teller (BET) equation, t-plot method, Barret-Joyner-Halenda (BJH) and the
Horvath-Kawazoe (HK) model for cylindrical pores were used to calculate surface areas,
pore volumes and pore size distributions from adsorption isotherms. Elemental analysis
(EA) was performed with an EA1112 elemental analyzer (Thermo Electron Co.). X-ray
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photoelectron spectroscopy (XPS) analysis was performed with an XPS-KRATOS AXIS
165 spectrometer (Kratos Analytical) using a monochromatic Al Kα X-ray source
(1486.6 eV). The morphologies of CNTs were observed with a transmission electron microscope (TEM, HD-2000, Hitachi, Science Systems, Ltd.). Carbon characterization of
the adsorbents was performed by Dr. Shujuan Zhang, who is a post-doctoral research associate in Dr. Karanfil’s research group. The details about the characterization methods
have been previously presented in one of the Dr. Karanfil’s research group publications
[124].Adsorption Experiment
4.3.1 Adsorption Kinetics
Distilled and Deionized Water (DDW) Kinetics: Kinetic experiments were conducted in 255 ml glass bottles with Teflon-lined screw caps at room temperature. One
milligram of CNTs was introduced to 255 mL of 200 mg/L NaN3 (as a biocide [11]) with
the initial SOC concentrations of 0.89 mg/L and 0.22 mg/L. A series of glass bottles
(headspace free) were placed into a rotary tumbler for certain time intervals. At the end of
the different periodic intervals, the supernatant were centrifuged at 3500 rpm for 10 min,
and analyzed by a high performance liquid chromatography (HPLC) analyzer with a UV
and a fluorescence detectors using a 4.6 × 150 mm ZORBAX* Extend-C18 Columns
(Agilent, USA). A different bottle reactor was used for each time point in order to maintain constant dose for all the sample points. The quantity of SOC adsorbed at time t, qt
[mg/g], was deduced from the mass balance between initial concentration and concentration at time t in solution.
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Figure 4.2 Adsorption kinetics of PNT onto non-functionalized SWNT (upper) and
MWNT (lower) at two initial concentrations.
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Figure 4.2 shows the kinetics of PNT sorption onto the non-functionalized SWNT
and MWNT at two initial (high and low) concentrations. The results showed that a time
period of seven days was sufficient to reach equilibrium, which was selected and used for
the adsorption isotherm experiments.
4.3.2 Adsorption Isotherms
DDW Isotherms: Constant carbon dose aqueous phase isotherm experiments were
conducted using the completely mixed batch reactors (255 mL glass bottles with Teflonlined screw caps). Concentrated stock solutions of each adsorbate were prepared in methanol. Bottles containing about 1 mg of CNTs were first filled with DDW to nearly full,
and then spiked with predetermined volumes of stock solution. The volume percentage of
the methanol spike solution was kept below 0.1 % (v: v) to minimize the co-solvent effect.
The bottles with no headspace were then placed into a rotary tumbler for one week,
which was found to be sufficient to reach equilibrium during preliminary kinetic experiments. After tumbling, bottles were placed on a bench for 1 hour without disturbance to
allow settling of the adsorbents. The supernatants in the bottles were analyzed by a HPLC
analyzer with UV and fluorescence detectors using a 4.6 × 150 mm ZORBAX* ExtendC18 Columns (Agilent, USA). Isocratic elution was performed under the following conditions: 80% methanol/20% water (v: v) with a wavelength of 250 nm for PNT; 80% methanol/20% water (v: v) with a wavelength of 248 nm for BP; 60% methanol/40% water
(v: v) with a wavelength of 245 nm for 2PP. The detection limits for three SOCs are
summarized in Table 4.2. Bottles without any adsorbent served as blanks to monitor the
loss of adsorbates before and after the one week equilibration, which was found to be less
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than 3% of the initially added amounts; therefore, adsorbed SOC quantities were determined by mass balance. All experiments were performed at room temperature without
any buffer addition. The solution pH remained around 6.6 ± 0.3. The experimental matrix
of SOC adsorption by non-functionalized and surface functionalized SWNTs and
MWNTs is shown in Table 4.3.
Table 4.3 Experiment matrix of SOC adsorption by CNTs in DDW
Adsorbents
Adsorbates

SWNT

SWNTOH

SWNTCOOH

MWNT

MWNTOH

MWNTCOOH

PNT

√

√

√

√

√

√

BP

√

√

√

√

√

√

2PP

√

√

√

√

√

√

√: a completed adsorption isotherm of a compound by one type of CNT.

For the pH or ionic strength effect experiment, the solution pH was adjusted by
0.1 mol/L HCl or NaOH to three levels for PNT (pH = 4, 7, 10) and three levels for 2PP
(pH =4, 7, 11), and the ionic strength adjusted with NaCl or CaCl2 to three levels (IS =
0.001, 0.01, 0.1 M). Experiments were first performed with and without buffer, and the
results demonstrated no significant difference, as shown in Figure 4.3. The experimental
matrix of pH and ionic strength effects on SOC adsorption by CNTs is shown in Table
4.4.
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Figure 4.3 Adsorption isotherms of PNT onto non-functionalized SWNT in the absence
and presence of buffer solution
Table 4.4 Experiment matrix of pH and ionic strength effects on SOC adsorption by
CNTs
pH
4

7

10/11

0.001 M

0.01 M

0.1 M

SWNT

√

√

√

√

√

√

SWNT-OH

√

√

√

√

√

√

SWNTCOOH

√

√

√

√

√

√

MWNT

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

Adsorbates Adsorbents
PNT

2PP

Ionic Strength

MWNTOH
MWNTCOOH

√: a completed adsorption isotherm of a compound by one type of CNT under different conditions.
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NOM Preloading Isotherms: Bottles containing about 1 mg of CNTs were first
filled fully with 4 mg DOC/L NOM solution in a series of 255 mL glass bottles, which
were then placed into a rotary tumbler. After one week, the predetermined amounts of
SOC stock solution was directly spiked into the bottles and allowed to equilibrate for
another week. After the equilibrium, the supernatants in bottles were analyzed using a
HPLC. All NOM isotherm experiments were performed with NaN3 at 200 mg/L as a biocide [11] and at room temperature. The solution pH remained around 8.6 ± 0.3.
NOM Simultaneous Isotherms: One mg of CNTs was added with 4 mg DOC/L
NOM solution to a series of 255 mL glass bottles with the addition of predetermined volume of SOC stock solution simultaneously. The rest of the procedure was the same as
with the NOM preloading isotherms. The experimental matrix of NOM effects on SOC
adsorption by CNTs is shown in Table 4.5.
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Table 4.5 Experiment matrix of NOM effect on SOC adsorption by CNTs
NOM Effects
Adsorbates

Adsorbents

PNT

SWNT

√

√

√

SWNT-OH

√

√

√

SWNT-COOH

√

√

√

MWNT

√

√

√

MWNT-OH

√

√

√

MWNT-COOH

√

√

√

SWNT

√

√

√

SWNT-OH

√

√

√

SWNT-COOH

√

√

√

MWNT

√

√

√

MWNT-OH

√

√

√

MWNT-COOH

√

√

√

SWNT

√

√

√

SWNT-OH

√

√

√

SWNT-COOH

√

√

√

MWNT

√

√

√

MWNT-OH

√

√

√

MWNT-COOH

√

√

√

BP

2PP

DDW NOM_Simultanuous NOM_Preloading

√: a completed adsorption isotherm of a compound by one type of CNT.
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4.4

Data Analysis

4.4.1 Isotherm Models
Four nonlinear isotherm models, Langmuir, Freundlich, Langmuir-Freundlich,
and Polanyi-Manes models, were employed to fit the experimental data.
The Langmuir model is obtained under the ideal assumption of a totally homogenous adsorption surface [126]. The amount of the adsorbate increases monotonically
until it reaches a limiting value that corresponds theoretically to completion of a surface
monolayer. In aqueous solutions, Langmuir model can be mathematically expressed as:
4.1

1

Where qe and Ce are the equilibrated concentration of the adsorbate in sorbent and solution, respectively, qm is the maximum adsorption capacity (the amount of the adsorbed
adsorbate per unit mass of the solid at the time when the solid surface is covered with a
complete monolayer of the adsorbate), and KL (e.g., L/µg) is the Langmuir equilibrium
constant.
The Freundlich model is an empirical model for describing adsorption equilibrium
isotherms. This equation assumes that the adsorbent surface is heterogeneous (i.e., the
adsorption energy is different for different adsorption sites), the adsorption sites with the
same adsorption energy are grouped together, and equation 4.2 is employed to analyze
the isotherm data:
4.2
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where qe and Ce are the equilibrated concentration of the adsorbate in sorbent and solution, respectively, KF is a unit-capacity parameter, equal to the amount adsorbed at the
value of Ce equal to unity, and n is a dimensionless parameter related to the surface heterogeneity. The value of the KF depends on the units used to express Ce and does not give
an estimate of the effective overall adsorption capacity of the adsorbent. Therefore, a
modified Freundlich equation was also employed to describe the adsorption isotherms by
normalizing the Ce with the water solubility (Sw) of the adsorbate [127].
/

4.3

where KF-Sw is a parameter independent of the concentration units used and represents the
effective overall adsorption capacity of the adsorbent. The KF-Sw values are also used for
comparing adsorption of organic compounds with different water solubility.
The Langmuir-Freundlich model, proposed by Sips [128], is essentially a combined form of the Langmuir and Freundlich isotherms which would approach an adsorption maximum at high concentrations of adsorbate. The model is represented with the
following equation:
4.4

1

where qe, Ce and qm have been defined earlier in Langmuir model, KS [(L/µg)n] is adsorption affinity coefficient, and n represents a nonlinear index.
The Polanyi-Manes model is widely employed for adsorption surfaces with heterogeneous energy distribution. The potential theory of adsorption introduced by Polanyi
and later modified by Dubinin was first applied for the adsorption of gases and vapors by
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activated carbon, and later Manes as well as other researchers applied the Polanyi potential theory to the adsorption of organic compounds from aqueous solution [129, 130]. The
Polanyi-Manes model is:
10

4.5

where qe, Ce and qm have been defined earlier in above models, E, the effective adsorption potential, can be defined as E = RT ln(Sw /Ce) [kJ/mol], Sw is the maximum solubility
of the solute, R is the ideal gas constant, T is the absolute temperature, Vs is molar volume
of solute, a and b are fitting parameters.
4.4.2 Adsorption Energies
To examine energetic characteristics of the sorbate/sorbent interactions, the condensation approximation was used to generate approximate energy distribution functions
[131]. Theoretically, the total sorption (qe) of the solute by the heterogeneous surfaces
can be described as the integral of a product of the energetically homogeneous isotherm
(qh) and a site energy distribution (φ (E)) over a range of energies:
,

4.6

where E is the difference between the sorbate and solvent sorption energies for a given
sorption site. It should be appropriate to integrate the sorption contributions from all effective sites within the minimum and maximum energy range. However, it is usually assumed that the energies of the sorption sites range from 0 to infinite only for convenience
of the calculation [131].
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On the basis of the Polanyi potential theory, the relationship between the sorption
site energy and the equilibrium aqueous phase solute concentration can be described as
the equation below:
4.7
where Sw is the maximum solubility of the solute, E is the difference between the sorption
energy at solute concentration Ce and that at maximum solubility Sw, R is the ideal gas
constant, and T is the absolute temperature. Therefore, the approximate site energy distribution (φ (E)) can be obtained by differentiating the isotherm qe in equation 4.6 in which
Ce is substituted with equation 4.7, with respect to E.
With the Freundlich isotherm as a smoothing function, the approximate site energy distribution (φ (E)) is described with the following function [131]:
· ·
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e

4.8

CHAPTER 5
RESULTS AND DISCUSSION
5.1

Characterization of Adsorbents

5.1.1 Morphology of CNTs
Figure 5.1 show the typical TEM images of SWNTs and MWNTs. It can be observed that SWNTs adhere to each other and form bundles or ropes due to strong van der
Waals interaction forces along the length axis, whereas MWNTs tangles randomly.
5.1.2 Specific Surface Areas (SSA) and Pore Volumes of CNTs
Both experimental analyses and theoretical calculations have been employed in
this work to characterize the CNTs.
5.1.2.1 Analysis of the Nitrogen Adsorption Isotherms of CNTs
The nitrogen adsorption and desorption isotherms of non-functionalized SWNT
and MWNT are given in Figure 5.2. The pore size distribution data, obtained by using
BJH [132] and HK [133] models, are shown in Figure 5.3 and 5.4, respectively. The SSA
and pore volume results of the six CNTs determined by nitrogen adsorption isotherms are
summarized in Table 5.1.
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Figuure 5.1 TEM
M images off the SWNT
T (left) and the MWNT
T (right).
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Figure 5.2 Nitrogen adsorption isotherms of the SWNT and the MWNT.

Figure 5.3 BJH desorption pore size distribution curves of the CNTs.
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Figure 5.4 HK cumulative pore size distribution curves of the CNTs.
Table 5.1 Experimentally Obtained Characteristics of Adsorbents
Specific surface area (m2/g)

Pore volume (cm3/g)

SBET a

Smicb

SBJH c

Vtotal

SWNT

486

11

512

0.722 0.008 0.031 1.80 3.66

SWNT-OH

420

14

424

0.739 0.009 0.023 4.08 5.41

SWNT-COOH

386

16

394

0.680 0.010 0.023 3.17 4.46

MWNT

164

0

184

0.664 0.000 0.060 0.00 1.53

MWNT-OH

192

0

220

0.765 0.000 0.070 2.78 6.39

MWNT-COOH 134

6

149

0.589 0.003 0.050 1.14 6.71

CNT

a,c

Vmicd

VHK e

O (w/w)%
EAf

XPSg

the specific surface area obtained from BET and BJH model, respectively; b,d the micropore surface area
and micropore volume obtained by using t-plot model ; e the cumulative HK pore volume of the pores
smaller than 1.32 nm for SWNTs or 5 nm for MWNTs; f,g the estimated error in EA and XPS measurements are 0.40 and 0.43, respectively.
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The nitrogen adsorption isotherms of each set of CNTs (non-functionalized and
surface functionalized) were of identical shape. However, the isotherms of the SWNTs
and the MWNTs exhibited different adsorption patterns (Figure 5.2). The nitrogen adsorption isotherms of both the SWNT and the MWNT can be divided into four sections,
indicative of multi-stage adsorption. At ultra-low pressures (Phase I), the adsorption increased rapidly. Since the thermal transition hard-sphere diameter of the nitrogen molecule was 0.386 nm, such an adsorption process indicates the presence of micropores that
contributed to adsorption by open inner cavities or some interstices in the CNTs with diameters larger than 0.386 nm. The next section of the isotherms (Phase II) showed a surface adsorption process, in which the nitrogen adsorption increased slowly and linearly.
Hysteresis loops existed in the isotherms of both the SWNTs and the MWNTs, which
were associated with capillary condensation in meso- and macro-pores. However, the
hysteresis loop in the isotherm of the SWNT was different from that of the MWNT. For
the MWNT, it can be clearly divided into two parts: a slow capillary condensation at the
medium relative pressure (Phase III) and a sharply increased capillary condensation at the
high pressure range (Phase IV). Such a division was not apparent for the SWNT and the
nitrogen adsorption gradually increased. The four phases in the nitrogen adsorption isotherms of the CNTs can be attributed to micropore filling, monolayer formation, capillary
condensation in mesopores and macropores, respectively.
According to the Kelvin equation, the radius of the adsorbed liquid droplet can be
obtained from the relative pressure (P/P0).
·
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(5.1)

where γ is the surface tension of the adsorbate molecule, VL is the molar volume of the
liquid adsorbate, and rm is the radius of the droplet.
For liquid nitrogen, the γ , VL and T were 8.72 mN/m, 34.68 cm3/mol, and 77.4 K,
respectively. The statistic thickness of adsorbed nitrogen layer (t) can be calculated with
the following equation:
⁄

·

(5.2)

where v and vm are the adsorbed quantity at a relative pressure and the single-layer adsorbed quantity, σ = 0.354 nm is the thickness of a single liquid nitrogen layer.
As a sum of rm and t, the corresponding pore sizes of the CNTs in the four relative
pressure ranges were obtained and are summarized in Table 5.2.
Table 5.2 Adsorption isotherm division and pore size distributions of CNTs
SWNT

MWNT

Phase P/P0 Pore width
Qadsa
Ads b P/P0 Pore width
Qads
Ads%
(nm)
(mmol/g) (%)
(nm)
(mmol/g)

a

I

0.01

0.57

3.9

19

0.01

0.85

1.3

7

II

0.36

1.63

7.6

18

0.70

4.64

4.0

14

III

0.72

3.90

11.2

17

0.85

8.48

5.4

7

IV

0.99

95.47

20.8

46

0.99

19.1

72

103.10
quantity adsorbed; the adsorption percentage in each pressure range.
b

Comparing with the inner diameters of the CNTs (Table 4.1), the adsorption data
in different phases suggest that less than 37% and 21% of the adsorption in the SWNT
and the MWNT, respectively, were attributable to the inner cavities. The remaining adsorption volumes came from the interstitial channels and peripheral grooves formed as a
results of aggregation.
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5.1.2.2 Theoretical Calculation of SSA and Pore Volume of CNTs
The calculations of SSA were adopted from a previous study [134] and all calculations are based on the following assumptions: (1) the length of the C-C bonds in the
curved graphene sheets is the same as in the planar sheet, (i.e. dC-C = 0.1421 nm), (2) the
MWNTs are composed of concentric walls and the inter-wall distance is dw-w = 0.34 nm,
and (3) the aspect ratio of CNTs is sufficiently high to neglect the area and volume of the
tip ends.
In the graphene sheet, two carbon atoms occupy a surface area of one hexagon
(Sh):
3

sin

5.2461

10

nm2

(5.3)

where 2θ equals to the angle of the hexagon, i.e. 120o.
One gram of carbon composes the following number of hexagon (Nh)
⁄2

2.5075

10 g-1

(5.4)

where MC is the molecular weight of C (12.01 g/mol) and N is the Avogadro number
(6.023 × 1023 mol-1).
Thus, the SSA of one side of a graphene sheet (SSAG) is
10

1315 m2/g

(5.5)

Provided that all the ends of SWNTs are closed, the SSA of a SWNT (SSAS)
should be 1315 m2/g. Otherwise, the maximum SSAS will be 2630 m2/g.
The theoretical surface areas of MWNTs depend on the number of walls and the
diameter. For a MWNT with an inner diameter of d and the number of walls as m, the

52

length of the nanotube composed by one gram of carbon (L) is provided with the following equation:
∑

∑

(5.6)

where dw is the wall thickness of the nanotube, i is the sequence number of the walls.
The exact value of dw has been a controversial issue. Some studies assumed that
dw changes with tube diameter and is proportional to the curvature of the tube wall, ranging from 0.06 to 0.09 nm, whereas others considered that dw is equal to dw-w, i.e. 0.34 nm
[135]. According to the TEM images reported in the literature and our own observation
(Figure 5.1), 0.34 nm seems more reasonable for the CNTs. Therefore, in the present
work, 0.34 nm was employed as the value of dw.
If the ends of MWNTs are closed, the SSA of the MWNTs (SSAM) depends on the
diameter of the outermost graphene layer, i.e.,
close

ended

10

2

(5.7)

∑

However, if the ends of MWNTs are open, since the inter-wall cavities between
the concentric shells of MWNTs are inaccessible to most molecules, the SSAM depends
on the outermost and the innermost diameter of the nanotubes.
open

ended

∑

(5.8)

The pore volume of CNTs comes from two parts: one is the inner cavities of the
nanotubes if at least one end of the nanotube is opened or if there are nano-windows in
the outer surface. Another part is the interstices that are generated by the aggregation of
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nanotubes. The volume of the inner cavity (Vinner) is determined by the innermost diameter of the CNTs:
⁄2

10 cm3/g

10

⁄2

10

∑

(5.9)
10

cm3/g
(5.10)

TEM images have shown that SWNTs adhere to each other and form bundles or
ropes due to strong van der Waals interaction forces along the length axis, whereas
MWNTs tangles randomly. The formation of bundles leads to a reduction of accessible
surface area and an increase of pore volume. Since the aggregation of MWNTs is in a
random way, changes in the surface area and pore volume of MWNTs are not expected.
On the other hand, the surface area reduction in SWNTs caused by bundling has been
discussed in detail [134]. Because of the formation of bundles (Figure 5.1), the pore volume of SWNTs is determined by the entire bundle instead of an individual nanotube.
Assuming that every three nanotubes are perfectly arranged in a triangular network and
that the distance between two adjacent SWNTs (dt-t) equals to dw-w = 0.34 nm (Figure 2.3),
the volume ratio (Rv) of the interstices (Vinter) to the inner cavities of the SWNTs (VSI) is:
⁄
⁄

I

(5.11)

Thus, the volume of the interstices in SWNTs can be estimated by the inner cavity
volume. By virtue of the given parameters of CNTs and the equations above, the theoretical surface areas and pore volumes of the six CNTs used in this study were calculated,
and the results are summarized in Table 5.3.
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Table 5.3 Theoretically Obtained Characteristics of CNTs
da

CNT

de b

wall

(nm) (nm)
SWNTs

MWNTs

a

b

SSA (m2/g) c

V (cm3/g)

close-

open-

Vinnerd

Vintere

0.32

1

1

1315

2630

0.051

0.935

1.32

2

1

1315

2630

0.345

0.851

3

9.8

10

201

263

0.046

N.A.

3

13.2

15

143

175

0.024

N.A.

5

11.8

10

185

263

0.098

N.A.

5

15.2

15

132

175

0.054

N.A.

c

d

inner diameter; outer diameter; close- or open-ended SSA; the theoretical inner cavity volume; e the
theoretical interstices volume; N.A.: not available

The theoretical inner cavity volume (Vinner) in the MWNTs is small as compared
to the total pore volume (Vtotal = 0.589-0.765 cm3/g) obtained from the t-plot analysis (using the Harkins-Jura thickness equation) [136] of the nitrogen adsorption isotherm (Table
5.1). The inner cavity volume in the SWNTs with larger diameter (2nm) occupies a considerable portion (46%) of the total volume. Therefore, for the SWNTs, the state of the
nanotube ends, open or close, will significantly affect their adsorption capacity. An approach for estimating the proportion of open ends (Ropen) in SWNTs has been established
by comparing the volume of open SWNTs to its theoretical volume and by taking the
purity into account [137]. Since CNTs are cylindrical graphene sheets, the HK method
based on cylindrical pore geometry was employed to calculate the pore volume. Assuming that the quantity of nitrogen adsorbed in pores smaller than d are all attributable to the
inner cavity of open-ended SWNTs, the Ropen was obtained by dividing the HK cumulative pore volume of the pores smaller than the upper limit of d by the theoretical inner
cavity volume. The Ropen for the SWNTs and the MWNTs were about 7-10% and 54-
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100%, respectively. It has been reported that surface functionalization may change the
ratio of open-ended CNTs to those of close-ended [138]. As shown by the narrow range
of VHK values in Table 5.1, the Ropen values were hardly affected by the surface functionalization of the two CNT series used in this study.
The low Ropen values of the SWNTs indicate that most of them were close-ended.
Although the MWNTs had higher Ropen values, the overall contribution of inner cavity
volume (0.024-0.098 cm3/g) to the total pore volume (0.589-0.765 cm3/g) was small.
Therefore, the main pore volumes of the MWNTs were located in the interstitial channels
and peripheral grooves confined in the aggregated nanotubes, which agrees well with the
nitrogen adsorption analysis results shown in Table 5.2. A similar comparison was also
made for SWNTs. By using the BJH and HK equations [132, 136], the pore size distributions of the SWNT and the MWNT were obtained (Figures 5.3 and 5.4). The MWNT had
a wider pore size distribution than the SWNT. As shown in Table 5.1, the surface areas of
the MWNTs were about one-third of those of the SWNTs, whereas their pore volumes
were relatively close to each other. However, as illustrated in Figure 5.4, the pore volume
of the MWNT within the micro- and meso-pore ranges (0.35 cm3/g) was only about half
of that of the SWNT (0.64 cm3/g). The rapid increase of pore volume of the MWNT in
the macropore range demonstrated that the MWNTs formed larger interstices due to aggregation of isolated nanotubes, which was also supported by the smaller bulk density of
the MWNTs than that of the SWNTs (about 1/6, Table 4.1).
The ratio between the experimental (SBET) and theoretical specific surface areas
(SSA) of the SWNTs was in the range of 0.29-0.37. Based on the established relation be-
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tween the surface areas of bundled and isolated SWNTs [134], the above ratio suggests
that the SWNT bundles were made of two to three layers, i.e. about 19 to 37 SWNTs
forming a bundle with a diameter of five to seven times larger than the diameter of an
isolated SWNT. As shown in Table 5.1, the measured Vtotal of the SWNTs was slightly
lower than the calculated Vinter. This can be explained by the above-mentioned layered
structure of the SWNT aggregate. Some of the interstices in the inner layers of the bundle,
although being counted in the Vinter, were actually inaccessible to nitrogen molecules. The
experimental SSA values of the MWNTs were very close to the theoretical data, indicating that the MWNTs were aggregated as isolated nanotubes without forming compact
bundle structure as in the SWNTs. This agrees well with the TEM observation and further explains why the MWNTs had a larger portion of pore volume in macropores as
compared to the SWNTs. The Vinner values in Table 5.3 were obtained by assuming that
all the nanotubes were open-ended. In fact, as indicated by the Ropen values, more than 90%
of the SWNTs were close-ended. Even if all the MWNTs were open-ended, the maximum Vinner values for the SWNTs and the MWNTs were 0.034 and 0.098 cm3/g, respectively. Therefore, the actual contribution of the inner cavities to the total pore volume was
less than 5% for the SWNTs and 20% for the MWNTs. In other words, the pore volume
of the CNTs mainly originate from the interstices trapped in the aggregates.
Although the aggregation characteristics of CNTs may change when introduced in
water, the information obtained from the nitrogen adsorption isotherms provided a valuable insight into the physical structures of the CNTs in the bulk phase.
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5.1.3 Surface Chemistry of CNTs
Isotherms of water vapor adsorption on six CNTs were measured gravimetrically
at P/P0 between 0 and 0.95 (Figure 5.5). The oxygen content obtained from EA and XPS
determination are given in Table 5.1.
Water vapor adsorption was performed to evaluate the effect of surface functionalization on the affinity of water molecules to the CNT surfaces. The results showed that
the surface functionalization, especially -OH, made the CNTs more polar than their pr
non-functionalized counterparts (Figures 5.5). The low degree of water uptake indicates
that both the non-functionalized and functionalized CNTs were highly hydrophobic. The
surface functionalization introduced more oxygen atoms on the surface of the CNTs (Table 5.1). The results obtained from EA reflect the composition of the bulk phase, whereas
those obtained from XPS analysis are indicative of the composition on the surface within
a thickness of several nanometers. The lower oxygen content obtained from EA than
those from XPS analysis indicates that the functionalization mainly occurred on the outer
surface of the CNTs. Since bulk CNTs used for the measurements were in aggregate
forms, the results also suggest that functional groups were directed towards the outer surfaces of the aggregates. In aqueous solutions, these surface functional groups serve as
sites for water cluster formation, which may be unfavorable for the adsorption of SOCs
[139].
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Figure 5.5 Water vapor adsorption isotherms of CNTs in linear (upper) and log-scale
(lower) axes.
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5.2

Adsorption of SOCs by CNTs
All liquid phase adsorption isotherms were nonlinear when the qe vs Ce values

were plotted on linear coordinates. Therefore, four commonly used nonlinear isotherm
models, Langmuir (LM), Freundlich (FM), Langmuir-Freundlich (LFM), and PolanyiManes models (PMM), were employed to fit the experimental data using Microsoft Office Excel 2007. Isotherm modeling was performed in nonlinear transformed form of all
the four models. Residual root mean square error (RMSE, as defined in Equation 5.12)
and the coefficient of determination (r2) were used to evaluate the goodness of fit.
RMSE =

1 N
( qe,exp − qe,fit ) 2
∑
m i =1

(5.12)

where N is the number of experimental data points, m is the degree of freedom (m = N – 2
for the two-parameter LM and FM; m = N – 3 for the three-parameter LFM and PMM),
qe,exp and qe,fit are experimental and fitted qe.
As listed in Table 5.4-5.6, the three-parameter PMM and LFM had lower RMSE
and higher r2 values for most of the isotherms than the LM and FM, but the FM with only
two-parameters had the lowest RMSE values for PNT on three MWNTs, for BP on the
non-functionalized SWNT and two MWNTs and for 2PP on five CNTs, which demonstrates the overparametrization in some cases by the LFM and PMM fitting. Furthermore,
the PMM and LFM failed for some fit of PNT, BP and 2PP adsorption on the CNTs, as
evidenced by the unreasonable qm and b values (underlined values on Table 5.4-5.6). The
LFM is a combined form of the LM and FM, which converts to the LM at n = 1 and to
the FM at low solute concentrations (KSCen << 1). The model estimation with the LM
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(relatively higher RMSE and lower r2 values in Table 5.4-5.6) deviated from experimental data, suggesting that the LM was not applicable to the collected experimental data,
which also explained the failure of the LFM in some of the cases. An assumption of the
PMM model is that the adsorption is controlled by nonspecific dispersive interactions
[129]. As a consequence, it may be inapplicable to predict the adsorption involving specific interactions, such as formation of hydrogen bond and electron donor-acceptor complexes between adsorbates and oxygen-containing functional groups of adsorbents.
The above analyses showed that simulating with the nonlinear form of FM resulted in good fits to the experimental data collected in this study with meaningful parameter values. In addition, the linear form of FM (i.e., lnqe = lnKF + nCe), which is more
commonly used in isotherm fitting, resulted in better fits to some experimental results
than using the nonlinear form. Therefore, all isotherms were fitted with the linear form of
FM and their results were used in data analysis in the remaining sections.
The liquid phase adsorption isotherms and adsorption site energy distribution
curves of the three SOCs onto the six CNTs are illustrated in Figure 5.6 –5.8 and their
linear-form FM parameters are summarized in Table 5.7. All nonlinear sorption isotherms of SOCs by CNTs suggested heterogeneous adsorption, resulting from diverse
sorption sites on nanotube bundles (Figure 2.3) with different activation energies. A previous study reported that the interstitial channels and external groove regions between
nanotubes might generate high-energy sorption sites due to the increased number of CNT
interacting points with sorbate molecules [140].
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Table 5.4 Nonlinear model fits of adsorption of PNT on CNTs
Langmuir

SOC CNTs
qm
PNT SWNT

KL

r2

Freundlich
RMSE

KF

n

r2

Langmuir-Freundlich
RMSE

qm

Ks

n

r2

RMSE

Polanyi-Manes models
qm

a

b

r2

RMSE

175 0.028 0.963 13.3 22.97 0.34 0.989 7.3

299 0.064 0.50 0.997 4.4

196 -28.2 1.44 0.997 4.3

SWNT- 148 0.043 0.970 10.7 23.09 0.31 0.986 7.4
OH

214 0.086 0.53 0.999 1.9

161 -37.8 1.60 0.999 1.9

SWNT- 129 0.062 0.965 10.3 22.92 0.29 0.980 7.9
COOH

177 0.106 0.54 0.996 3.6

140 -42.9 1.68 0.996 3.8

MWNT 50 0.028 0.881 6.3

8.28 0.28 0.989 1.9 4397 0.002 0.28 0.989 2.1
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-6.4 0.89 0.990 2.0

MWNT
-OH

43 0.020 0.891 5.0

6.02 0.30 0.977 2.3 4001 0.001 0.30 0.977 2.5

52

-5.7 0.83 0.979 2.4

MWNT
-COOH

34 0.028 0.905 3.5

6.48 0.25 0.983 1.4

38

-8.5 1.04 0.983 1.6

124 0.049 0.31 0.984 1.5

qm (mg/g): maximum adsorption capacity; KL (L/µg): adsorption affinity coefficient; r2: coefficient of determination; RMSE: residual root mean square
error; KL (L/µg): adsorption affinity coefficient; n: nonlinear index; KS [(L/µg)n]: adsorption affinity coefficient; a and b: fitting parameters; underlined
numbers represent the unreasonable values of LFM modeling.
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Table 5.5 Nonlinear model fits of adsorption of BP on CNTs
Langmuir

SOC CNTs
qm
BP

KL

r2

Freundlich
RMSE

KF

n

r2

Langmuir-Freundlich
RMSE

SWNT 207 0.002 0.934 19.4 8.77 0.38 0.991 7.2

qm

Ks

n

r2

Polanyi-Manes models
RMSE qm

a

b

r2

RMSE

8532 0.001 0.38 0.991 7.9 247 -9.5 0.96 0.991 7.8

SWNT- 189 0.002 0.907 19.8 7.15 0.39 0.989 6.9 23616 0.0003 0.39 0.989 7.6 252 -5.8 0.74 0.995 5.1
OH
SWNT- 148 0.003 0.861 21.3 8.42 0.35 0.962 11.2 25087 0.0003 0.35 0.962 12.3 238 -4.5 0.66 0.972 10.5
COOH
MWNT 74 0.001 0.984 1.9

0.36 0.64 0.993 1.2

210

0.001 0.72 0.993 1.4

95 -18.7 1.02 0.993 1.3

MWNT 206 0.0001 0.960 2.3
-OH

0.10 0.78 0.975 1.8

183 0.0004 0.86 0.969 2.2 8826 -6.6 0.26 0.989 1.3

MWNT 58 0.001 0.979 1.6
-COOH

0.24 0.65 0.996 0.7

211

0.001 0.71 0.994 0.9 108 -11.0 0.77 0.997 0.7

qm (mg/g): maximum adsorption capacity; KL (L/µg): adsorption affinity coefficient; r2: coefficient of determination; RMSE: residual root mean square
error; KL (L/µg): adsorption affinity coefficient; n: nonlinear index; KS [(L/µg)n]: adsorption affinity coefficient; a and b: fitting parameters; underlined
numbers represent the unreasonable values of LFM and PMM modeling.
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Table 5.6 Nonlinear model fits of adsorption of 2PP on CNTs
Langmuir

SOC CNTs
qm

KL

r2

Freundlich
RMSE KF

n

r2

Langmuir-Freundlich
RMSE

qm

2PP SWNT 76 0.009 0.871 9.8 6.97 0.34 0.978 4.1 8250

Ks

n

r2 RMSE

Polanyi-Manes models
qm

a

b

r2 RMSE

0.001 0.34 0.978 4.5 2E+06 -7.6 0.25 0.981 4.1

SWNT- 60 0.011 0.831 8.6 6.82 0.31 0.980 3.0 10817 0.001 0.31 0.979 3.3 4E+09 -10.4 0.13 0.988 2.5
OH
SWNT- 62 0.016 0.877 7.8 8.45 0.29 0.981 3.1 4857
COOH

0.002 0.29 0.981 3.4

508

-6.5 0.90 0.981 3.4

MWNT 115 0.0002 0.981 3.7 0.26 0.64 0.994 2.1 1329 0.0002 0.66 0.994 2.3

3480 -12.9 0.81 0.994 2.2

MWNT 80 0.0003 0.997 1.1 0.20 0.64 0.998 0.9 174
-OH

0.001 0.76 0.999 0.6

230 -46.3 1.70 0.999 0.6

MWNT 113 0.0002 0.990 2.2 0.13 0.70 0.996 1.4 718
-COOH

0.0002 0.73 0.996 1.6

1903 -16.3 0.95 0.996 1.5

qm (mg/g): maximum adsorption capacity; KL (L/µg): adsorption affinity coefficient; r2: coefficient of determination; RMSE: residual root mean square
error; KL (L/µg): adsorption affinity coefficient; n: nonlinear index; KS [(L/µg)n]: adsorption affinity coefficient; a and b: fitting parameters; underlined
numbers represent the unreasonable values of LFM and PMM modeling.
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Table 5.7 Freundlich isotherm parameters of SOC adsorption on CNTs
SOC
PNT

BP

2PP

a

CNT

KF [(mg/g)/Cen]a

n

r2

Qb

KF-Sw c

VO

(mg/ m2)

(mg/g)

(cm3/g)

Vtotal /VO

SO

SBET/SO

(m2/g)

(μg/L)

(mg/L)

SWNT

17.20

285

0.41 ± 0.03 0.967

0.587

297

0.279

3

467

1.0

SWNT-OH

16.55

238

0.39 ± 0.03 0.965

0.566

246

0.231

3

387

1.1

SWNT-COOH

15.98

206

0.37 ± 0.04 0.945

0.534

213

0.200

3

335

1.2

MWNT

7.83

58

0.29 ± 0.03 0.986

0.354

60

0.056

12

94

1.7

MWNT-OH

5.66

48

0.31 ± 0.02 0.981

0.253

50

0.047

16

79

2.4

MWNT-COOH

5.85

39

0.27 ± 0.02 0.977

0.288

40

0.038

16

63

2.1

SWNT

6.33

125

0.43 ± 0.03 0.979

0.257

273

0.275

3

472

1.0

SWNT-OH

7.35

104

0.38 ± 0.02 0.977

0.248

209

0.211

4

361

1.2

SWNT-COOH

7.70

96

0.37 ± 0.02 0.981

0.249

186

0.188

4

321

1.2

MWNT

0.45

30

0.61 ± 0.02 0.993

0.182

90

0.091

7

155

1.1

MWNT-OH

0.26

21

0.64 ± 0.03 0.985

0.109

66

0.067

11

114

1.7

MWNT-COOH

0.33

22

0.61 ± 0.02 0.993

0.162

65

0.066

9

112

1.2

SWNT

6.75

71

0.34 ± 0.02 0.981

0.146

SWNT-OH

7.45

56

0.29 ± 0.01 0.981

0.133

SWNT-COOH

7.64

62

0.30 ± 0.02 0.984

0.161

MWNT

0.34

22

0.61 ± 0.02 0.990

0.134

MWNT-OH

0.15

16

0.67 ± 0.01 0.998

0.083

MWNT-COOH

0.14

16

0.69 ± 0.01 0.998

0.119

b

concentration of adsorbate expressed in different units; Specific surface area normalized KF [(mg/g)/(mg/L)] values; c The adsorption capacities at
saturated concentrations of SOCs. The isotherms of 2PP were not simulated with the solubility-normalized Freundlich model due to its high water solubility. Since the size of the table is limited, the confidence intervals (95%) for KF are illustrated in the Appendix (Table A1.)
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Figure 5.6 The adsorption isotherms (upper) and adsorption site energy distribution
curves (lower) of PNT on CNTs.
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Figure 5.7 The adsorption isotherms (upper) and adsorption site energy distribution
curves (lower) of BP on CNTs.
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Figure 5.8 The adsorption isotherms (upper) and adsorption site energy distribution
curves (lower) of 2PP on CNTs.
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5.2.1 Effect of CNT Properties on Adsorption
Some parameters were developed to interpret the role of CNT properties in their
adsorption of SOCs, as summarized in Table 5.7. The volumes occupied (VO) by the adsorbed PNT and BP in the CNTs were calculated by dividing their effective overall adsorption capacities (KF-Sw) by their densities. The VO values were much lower than Vtotal
determined through N2 gas adsorption (Table 5.1). The surface areas occupied by the adsorbed SOCs on the CNTs (SO) were also calculated from their KF-Sw values, molecular
weights and molecular cross sections. In the calculation of SO, the molecular cross section
(am) of SOCs on the surface of CNTs was calculated with the following equation by assuming that the packing behavior of SOCs is similar to that of nitrogen [141]:
⁄
·

(5.13)

where M is the molecular weight, ρ is the density and NA is the Avogadro constant, f is
the packing factor of an adsorbate on the surface of an adsorbent. For nitrogen, f equals
1.091. This simple method assumes that the adsorbate forms a single layer in a pseudoliquid packing manner. Actually, the packing behaviors of adsorbates may vary. In addition, for the SOCs, due to the large molecular size and heterogeneity in the three dimensions, the packing density might be lower than that of nitrogen.
The SO values were lower or comparable to the SBET determined through N2 gas
adsorption. The differences in the V and S values were attributed to the differences in: (i)
packing behaviors of N2 and SOCs in CNTs, and (ii) aggregation states of the CNTs in
bulk phase and in aqueous solution. Because of the relatively larger size and steric hin-
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drance of SOCs, the surface coverage of CNTs by SOCs is smaller than that by N2, as
evidenced by the larger than 1 value of SBET/SO. In addition, in liquid solutions, water
clusters are expected to form on the sites of oxygen-containing functional groups, which
impede the access of SOCs to available adsorption sites. The higher SBET/SO values of
surface functionalized CNTs than those of the non-functionalized one for both PNT and
BP demonstrate the presence of this water cluster formation effect on the adsorption of
SOCs. Since the adsorption isotherms of 2PP were not simulated with the solubilitynormalized Freundlich model due to its high water solubility, this water cluster formation
effect on 2PP adsorption cannot be discerned. According to the nitrogen adsorption results, the surface areas of the MWNTs in bulk phase were close to their theoretical values,
suggesting that the aggregation of the MWNTs had no significant effect on their surface
areas. Since the adsorption experiments were performed without sonication, dispersion of
the MWNTs into water was not expected to exert a significant effect on their aggregation
structure. Compared with that in bulk phase, the bundle structure of the SWNTs in water
may undergo a slight “swelling effect” due to the nanotube-water interaction. However,
this swelling effect is expected to influence only the pore volume but not the surface area.
Since the adsorption experiments in this work were performed without sonication, the
dispersion of the SWNTs into aqueous solutions was not expected to lead to any significant change in their surface areas either. Therefore, similar to the adsorption by the
MWNTs, the SBET/SO ratios of the SWNTs could be regarded as an index of surface coverage difference between N2 and the SOCs.

70

As shown in Table 5.7, for all the CNTs the Vtotal/VO ratios were much higher than
the SBET/SO ratios, and the Vtotal/VO of the MWNTs were noticeably higher than those of
the SWNTs. As discussed in the characterization section, aggregation of CNTs led to a
decrease in surface area but a significant increase in pore volume, especially for the
MWNTs. A large portion of the nitrogen adsorption (more than 63% for the SWNTs and
79% for the MWNTs) was due to capillary condensation in meso- and macropores
trapped in the aggregates. It is well-known that the adsorption behavior in mesopores
does not depend only on the fluid-wall attraction, but also on the attractive interactions
between fluid molecules, which may lead to the occurrence of capillary (pore) condensation [142]. For the SOC adsorption in aqueous solutions, since the SOCs were already
dissolved in the liquid phase, no capillary condensation occurred during adsorption.
Therefore, most of the nanopores within the aggregates of CNTs that can be filled with
N2 could not be efficiently occupied by the SOCs. The combined analysis of SBET/SO and
Vtotal/VO ratios indicated that the adsorption of SOCs was controlled by the adsorption
surface area rather than pore volume. The increased pore volume of CNTs due to aggregation showed no enhanced adsorption of SOCs. Since aggregation reduces the surface
areas of CNTs, it is an unfavorable factor in liquid phase adsorption. Further understanding of factors and characteristics of CNTs that impact their aggregation and thus available
surface area for adsorption will be important in the investigation of the adsorption properties of CNTs.
For the three SOCs, the uptake of the SWNTs was higher than that of the
MWNTs, especially at low concentrations. Considering the higher specific surface area
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of SWNTs than that of MWNTs, the adsorption capacities of SOCs (KF, [(mg/g)/(mg/L)])
on the six CNTs were normalized by the surface area (Q values in Table 5.7). At a given
equilibrium concentration, the normalized adsorption amount of SOCs on SWNTs was
still higher than that of MWNTs, especially for PNT, which indicated that surface area
was not the only factor determining the adsorption difference between them. The accessibility of SOC to the surface of CNTs may also play a role. CNTs adhered to each other
and formed bundles or ropes due to strong van der Waals interactions [43], which altered
their adsorption sites significantly. In this study, inner pores were not applicable for adsorption by SWNT (90% tubes of SWNTs are capped based on characterization results)
but available for MWNTs (3-5 nm, Table 5.2). Furthermore, SWNTs with the longitudinally-parallel external surface and interstitial channels can provide more favorable adsorption sites for PNT than MWNTs with inner pores based on the π-π interaction [115].
Therefore, the adsorption sites of SWNTs were more accessible for the SOCs than that of
MWNTs. Both the surface area and accessibility of SOCs to the CNTs determined the
adsorption capacity of SWNTs which was higher than that of MWNTs.
As shown in Figure 5.6 – 5.8, surface functionalization of the CNTs led to a slight
reduction in the adsorption capacity of the SOCs. This reduction was correlated with the
oxygen-containing functional group contents on the surface of CNTs. The observed reduction was relatively small for the six CNTs, which was attributed to the small increase
in the surface functional groups as measured with EA and XPS (Table 5.1) as a result of
surface functionalization of the non-functionalized CNTs. Surface functionalization can
improve the dispersion of CNTs in aqueous solution, which might increase the access to
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adsorption sites. However, due to formation of water clusters around the oxygencontaining functional groups, some of the adsorption sites might be blocked for the
access of three tested SOCs. The overall decrease in the adsorption of three tested SOCs
indicated that water cluster formation played a more important role than the increase in
the adsorption sites on the adsorption of hydrophobic SOCs.
5.2.2 Effect of SOC Properties on Adsorption
Figure 5.9 compared the uptake of the different SOCs to non-functionalized
SWNT and MWNT. As shown in Table 5.7, adsorption of three SOCs by all CNTs followed the order: PNT >> BP > 2PP. Considering water solubility of 2PP is two to three
orders of magnitudes higher than that of BP and PNT, hydrophobic interaction was not
the only factor determining the adsorption difference between them. For example, BP is
much more hydrophobic than 2PP (100 times), but the sorption affinities (KF,
(mg/g)/(mg/L)n) of these two compounds to a given CNT did not differ as much as the
hydrophobicity. This indicated that the decreased sorption of 2PP, due to its lower hydrophobic interaction with CNTs relative to BP, was offset by other enhanced interactions
between 2PP and CNTs. BP and 2PP have similar molecular size and structure, but differ
in that 2PP has an additional hydroxyl group at an ortho position, which may lead to the
significant sorption difference between BP and 2PP. Three possible interaction might be
proposed to address these difference: (a) hydrogen bonding between the –OH group on
2PP and oxygen groups on CNTs, or between adsorbed 2PP on CNTs surface and dissolved 2PP in solution; (b) electrostatic interaction; and (c) π-π EDA interaction between
electron-poor regions on the graphene of CNTs and the electron-rich benzene ring of 2PP
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promoted by electron-donating effect of –OH substitute. The hydrogen bonding between
2PP and CNTs might not be significant due to the very low oxygen content on CNTs
(0−4.08%, Table 5.1) detected by elemental analyzer. However, at high concentration,
the -OH group of adsorbed 2PP on CNT surface may generate a second sorption layer for
dissolved 2PP in solution through hydrogen bonding, which would enhance the uptake of
2PP over BP. However, the surface area occupied by the adsorbed 2PP on the CNTs, calculated from a concentration of 10 mg/L (highest value in this study of 2PP), molecular
weight and molecular cross section, was only 47-80% of the SBET determined through N2
gas adsorption. Since the adsorbed 2PP would only form a single layer on CNT surface,
the hydrogen bonding might not greatly impact the 2PP sorption. In addition, the final
solution pH (6.6±0.3) was lower than the dissociated constants (pKa=9.6) of 2PP, suggesting that nondissociated species dominated in solution and 2PP might not be highly
charged in the experiment. Thus, the electrostatic interaction can be ruled out as a major
factor influencing the adsorption difference between 2PP and BP. Furthermore, π-π EDA
interaction has been widely presented to explain the adsorption of aromatic compounds
with electron-donor or electron-acceptor function by CNTs as a leading mechanism [16,
105, 114]. The highly polarizable graphene sheets of CNTs may act in an amphoteric role,
π-electron-donating and π-electron-withdrawing function, toward adsorbates. The -OH
group of 2PP would enlarge the electron-donating ability of the benzene ring, thus promoting adsorptive interaction between 2PP and CNTs though π-π EDA complex. Therefore, the comparison between 2PP and BP indicated that π-π EDA interaction was an im-
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portant mechanism for the enhanced sorption affinity of 2PP by –OH substitution, which
counterbalanced the decreased sorption of 2PP due to its lower hydrophobicity.
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Figure 5.9 The adsorption isotherms of three SOCs on non-functionalized SWNT and
MWNT.
PNT and BP have similar sizes but different molecular structures, as shown in
Table 4.2 and Figure 4.1. To explore the other possible mechanisms influencing the difference between PNT and BP sorption beyond just hydrophobic interactions, the Ce were
normalized with the water solubility (Sw) of each adsorbate. After solubilitynormalization, for SWNTs, the KF-Sw values of planar PNT (213–297 mg/g) were still relatively higher than those of nonplanar BP (189 –273 mg/g). However, the KF-Sw values of
PNT and BP sorption on MWNTs showed the opposite trends. The most favorable adsorption states of the planar PNT molecules on a SWNT have been attributed to the socalled “bridge positions” (i.e., the polycyclic aromatic hydrocarbon (PAH) molecules
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aligned along the nanotube axis under an intensive π-π interaction between PAHs and the
SWNT surface) [115], which would supply most attachment with CNTs. Since the planar
PNT molecule is rigid, the longitudinally-parallel external surface and interstitial channels of the SWNTs can provide more accessible adsorption sites for PNT than the short,
entangled MWNTs (TEM images in Figure 5.1). Contrary to PNT, the nonplanar BP is
flexible and can adjust its molecular configuration to better pack in the tubular spaces of
the MWNTs with diameter several times larger than their widths. Furthermore, Freundlich n values of PNT on the SWNTs were higher than those on the MWNTs, while the n
values of BP and 2PP isotherms on the MWNTs were higher than those on the SWNTs.
A higher n value is indicative of a more homogenous surface with adsorption sites being
of a narrow energy distribution. It appears that the adsorption of the nonplanar SOCs on
the MWNTs was less site-selective than that of the planar one. Hence, in addition to the
hydrophobic effect, the molecular configuration of SOC molecules was likely an extra
critical factor contributing to the different adsorption behavior of SOCs on SWNTs and
MWNTs with different geometry.
5.2.3 Effect of pH on SOC Adsorption
The effects of solution pH on adsorption of the nonionic PNT and the ionizable
2PP by SWNT-OH and MWNT-OH are presented in Figures 5.10 and 5.11, respectively
(the other isotherms are presented in Appendix Figures A1-A4). The Freundilich isotherm parameters were provided in Table 5.8. Changing pH from 4 to 10 did not affect
the adsorption of PNT on SWNT-OH as expected, but there was an observable effect on
the adsorption affinity of 2PP by MWNT-OH with an increase of pH from 4 to 11.
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Figure 5.10 The effect of various pH on adsorption of PNT by SWNT-OH.
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Figure 5.11 The effect of various pH on adsorption of 2PP by MWNT-OH.
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Table 5.8 Freundlich isotherm parameters of SOC adsorption in different solution pH
SOC

CNT

PNT

SWNT

SWNT-OH

SWNT-COOH

2PP

MWNT

MWNT-OH

MWNT-COOH

pH

KF [(mg/g)/Cen] a
(µg/L)
(mg/L)

nb

r2

4

15.96

299.52

0.42 (0.48-0.40)

0.978

7

17.20

285.34

0.41 (0.47-0.35)

0.967

10

17.82

286.79

0.40 (0.46-0.35)

0.971

4

16.74

221.89

0.37 (0.43-0.33)

0.969

7

16.55

237.56

0.39 (0.44-0.33)

0.965

10

16.34

214.58

0.37 (0.44-0.30)

0.947

4

15.30

188.00

0.36 (0.41-0.33)

0.980

7

15.98

206.02

0.37 (0.45-0.31)

0.945

10

14.34

195.28

0.38 (0.44-0.33)

0.972

4

0.17

28.51

0.75 (0.84-0.66)

0.977

7

0.19

30.98

0.74 (0.83-0.66)

0.980

11

0.14

23.75

0.74 (0.88-0.63)

0.956

4

0.14

16.54

0.70 (0.74-0.66)

0.995

7

0.15

18.81

0.70 (0.75-0.65)

0.993

11

0.04

12.73

0.85 (0.93-0.78)

0.988

4

0.084

23.13

0.81 (0.92-0.72)

0.976

7

0.105

25.00

0.79 (0.92-0.69)

0.970

11

0.036

19.82

0.91 (1.09-0.78)

0.957

a

Freundlich adsorption affinity , as concentration of adsorbate expressed in different units; b Values in
parentheses are 95% confidence interval. Since the size of the table is limited, the confidence intervals
(95%) for KF are illustrated in the Appendix (Table A2.)

Five main mechanisms have been proposed for the adsorption of SOCs onto
CNTs: (1) hydrophobic interaction (i.e., van der Waals force) [32, 102], (2) π–π interaction [19, 105], (3) π–π electron donor–acceptor (EDA) complex formation [16, 105, 114],
(4) hydrogen bonding [35] and (5) electrostatic interaction [37, 105]. Among these me-
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chanisms, π–π interaction between the aromatics and CNTs is independent on solution
pH. The π–π EDA and electrostatic interaction can be ruled out as a factor controlling the
pH effect of PNT adsorption considering that PNT is nonionic compound. However, the
pH changes from 4-10 would affect the protonation- deprotonation transition of functional groups (–OH, -C=O, and –COOH) on the CNT surface and hence the hydrophobicity
of CNTs. However, it is worth noting that no pH effect was observed for PNT, which
might be attributed to the small amount of oxygen content on the SWNT surfaces as
measured with EA and XPS (Table 5.1). The influence of pH on the adsorption of 2PP
was insignificant when the pH was below the pKa of 2PP (9.6, Table 4.2), which behaved
like PNT, while the adsorption affinity was considerably reduced when the solution pH
increased to 11. With changing pH from 7 to 11, dissociation of 2PP would increase its
hydrophilicity and might decrease the adsorption. In addition, the ionization of the functional group –OH on 2PP may hinder the formation of hydrogen bonds between the adsorbed and dissolved 2PP, which would reduce the adsorption as well. Furthermore, both
the surface of MWNTs and 2PP became more negatively charged as pH increased, leading to an increase of electrostatic repulsion between 2PP and MWNTs. The effect of pH
on π–π EDA interaction may also play a role in the overall effect of pH. Increasing pH
facilitates deprotonation of the acidic functional group –OH of 2PP, which promotes π–
electron donor ability of benzene ring of 2PP (-O- is a stronger electron donor than –OH)
[114]. In this case, MWNTs acted as a π-electron acceptor. Thus, the overall pH effects
on adsorption depend on the balance between all positive and negative interactions. The
results showed that increasing pH above its pKa hindered 2PP adsorption of MWNTs
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which may result from increase in electrostatic repulsion and a decrease in hydrogen
bonding between 2PP and MWNTs as well as an increase in solubility of 2PP. In a previous study, Chen et al. [114] reported that the pH effect on the adsorption of naphthalene
on as-received SWNT and oxidized SWNTs were minimal between 3-11 and they attributed this observation to the nonpolarity of naphthalene. Lin and Xing [105] also found
that the solution pH had no influence on the adsorption of naphthalene and the sorption of
phenol and 1-naphthol by a MNWT decreased by increasing the pH above their pKa.
5.2.4 Effect of IS on Adsorption
The adsorption of PNT and 2PP on SWNT-OH and MWNT-OH at different ionic
strengths (0.001, 0.01, 0.1M) is shown in Figures 5.12 and 5.13, respectively (the other
isotherms are in Appendix Figures A5-A8). The Freundilich isotherm parameters were
provided in Table 5.9. Increasing ionic strength from 0.001M to 0.1M had a negligible
effect on the adsorption of PNT by the SWNT-OH, but slightly enhanced the uptake of
2PP by MWNT-OH, which was consistent with a previous study [117]. It should be noted
that changing ionic strength in the tested range would alter the activity coefficient of PNT
and 2PP and decrease their solubility, which is known as the “salting out” effect. The
Setschenow constant of PNT in NaCl solution was reported as 0.240-0.287 L/mol [143].
Since the Setschenow constant of 2PP in NaCl solution is not available in the literature,
we assumed 0.272 L/mol, as identical to the value of PNT in NaCl solution, to make a
conservative evaluation. The solubility decrease of PNT and 2PP induced by the increase
of ionic strength to 0.1 M was around 6%, which may slightly enhance their hydrophobic
interactions with CNTs. However, considering their absolute solubility values, such a
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change was not expected to lead to a significant impact on the adsorption capacity of
PNT, but slightly enhanced the adsorption of 2PP. Chen et al. [15] found that variance in
the ionic strength between 0.02 and 0.1 M did not influence adsorption of nonionic compounds (naphthalene, 1,3-dinitrobenzene, and 1,3,5-trinitrobenzene) by SWNT, which
was consistent with the observation of PNT. In addition, increasing ionic strength to 0.1
M showed a positive effect on adsorption affinity of ionic compound 2PP by MWNT-OH,
which may be partly attributed to the decrease of electrostatic repulsion between 2PP and
CNTs due to the screening effect of the surface charge produced by added salt and partly
from increased hydrophobic interaction due to the decreased aqueous solubility of 2PP.
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Figure 5.12 The effect of various ionic strength on adsorption of PNT by SWNT-OH.
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Figure 5.13 The effect of various ionic strength on adsorption of 2PP by MWNT-OH.
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Table 5.9 Freundlich isotherm parameters of SOC adsorption in different solution IS
SOC CNT
PNT SWNT

KF [(mg/g)/Cen] b
(µg/L)
(mg/L)

nc

r2

0.001

16.14

247.67

0.40 (0.43-0.37)

0.991

0.01

17.83

256.23

0.39 (0.44-0.34)

0.978

0.1

17.29

242.71

0.38 (0.41-0.36)

0.992

0.001

16.90

212.06

0.37 (0.45-0.31)

0.945

0.01

16.70

211.88

0.37 (0.45-0.31)

0.946

0.1

16.82

228.36

0.38 (0.46-0.32)

0.945

0.001

16.06

195.52

0.36 (0.44-0.31)

0.953

0.01

14.16

216.62

0.40 (0.48-0.33)

0.952

0.1

15.64

209.19

0.38 (0.45-0.32)

0.956

0.001

0.18

22.75

0.70 (0.75-0.66)

0.991

0.01

0.30

20.81

0.61 (0.64-0.59)

0.978

0.1

0.33

28.39

0.64 (0.66-0.63)

0.992

0.001

0.09

15.83

0.76 (0.80-0.72)

0.945

0.01

0.08

17.14

0.77 (0.80-0.74)

0.946

0.1

0.10

20.85

0.77 (0.82-0.73)

0.945

MWNT-COOH 0.001

0.10

19.69

0.77 (0.83-0.71)

0.953

0.01

0.11

21.38

0.77 (0.80-0.74)

0.952

0.1

0.12

23.41

0.76 (0.80-0.73)

0.956

SWNT-OH

SWNT-COOH

2PP

IS a
(M)

MWNT

MWNT-OH

a

Ionic strength, in units of mol/L; b Freundlich adsorption affinity , as concentration of adsorbate expressed
in different units; c Values in parentheses are 95% confidence interval. Since the size of the table is limited,
the confidence intervals (95%) for KF are illustrated in the Appendix (Table A3.)
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5.2.5 Effect of NOM on Adsorption
Figures 5.14-5.16 compared the adsorption of the three SOCs on nonfunctionalized SWNT and MWNT in the absence and presence of NOM (for functionalized CNTs, the isotherms are in Appendix Figures A9-A14). It was apparent that the
presence of NOM reduced adsorption of SOCs on CNTs to different extents. Preloaded
NOM exhibited stronger suppression of adsorption of SOCs by CNTs than simultaneously spiked NOM. Several recent studies have reported that the adsorption of NOM on
CNTs surface significantly suppressed adsorption of organic compounds [13, 15]. NOM,
ubiquitous in natural aqueous environments, may change the surface charge, aggregation
behavior and mobility of CNTs in aquatic systems as a result of its adsorption by CNTs.
As mentioned above, among three routes proposed to explain the impact of NOM on organic compound-CNT adsorptive interactions, the direct competition for adsorption sites
and physical blockage of pores competition might play important roles [15]. NOM is a
mixture of chemically complex components with varying molecular weights, from small
hydrophilic acids, proteins and amino acids to larger humic and fulvic acids. Average
sizes of NOM molecules in fresh waters have been reported between 0.5 and 5 nm [144].
Due to the aromatic moieties distributed throughout NOM molecule, π-π interaction is
considered an important driving force governing the sorption of NOM by CNTs, as reported by Hyung et al. [21]. Hydrophobic attraction would be the other principal driving
force for NOM approaching and further interaction with CNTs [106]. All these physical
and chemical characteristics of NOM are likely to be closely related to the interaction between NOM and CNTs, which suggest that direct site competition would happen between
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NOM and SOCs. Given the larger molecular sizes of NOM relative to the SOCs used in
this study and the sizes of available adsorption sites on CNTs (interstitial channels and
peripheral grooves confined by the aggregated nanotubes), pore blockage by NOM can
occur, thus reducing accessibility of SOC molecules to sorption site on CNTs.
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Figure 5.14 The effect of NOM on adsorption of PNT by non-functionalized SWNT and
MWNT.
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Figure 5.15 The effect of NOM on adsorption of BP by non-functionalized SWNT and
MWNT.
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Figure 5.16 The effect of NOM on adsorption of 2PP by non-functionalized SWNT and
MWNT.
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Table 5.10 NOM effects on PNT adsorption by CNTs
CNT

PNT

KF [(mg/g)/Cen] a
(µg/L) (mg/L)

SWNT

DDW

17.19

Simultaneous

SWNTOH

SWNTCOOH

MWNT

MWNTOH

MWNTCOOH

Rμb

Rmc

nd

r2

285.34

--

--

0.41 (0.47-0.35)

0.967

4.39

249.90

0.26

0.88

0.59 (0.64-0.54)

0.989

Preloading

1.81

181.94

0.11

0.64

0.67 (0.74-0.61)

0.986

DDW

16.55

237.56

--

--

0.39 (0.45-0.33)

0.965

Simultaneous

4.87

219.45

0.29

0.92

0.55 (0.64-0.48)

0.975

Preloading

3.21

197.67

0.19

0.83

0.60 (0.70-0.52)

0.964

DDW

15.98

206.02

--

--

0.37 (0.45-0.31)

0.945

Simultaneous

5.50

194.83

0.34

0.95

0.52 (0.60-0.45)

0.970

Preloading

2.75

135.56

0.17

0.66

0.56 (0.61-0.52)

0.991

DDW

7.83

58.00

--

--

0.29 (0.32-0.26)

0.986

Simultaneous

3.67

43.61

0.47

0.75

0.36 (0.43-0.31)

0.957

Preloading

2.85

39.81

0.36

0.69

0.38 (0.44-0.34)

0.972

DDW

5.66

48.50

--

--

0.31 (0.35-0.28)

0.981

Simultaneous

3.30

39.55

0.58

0.82

0.36 (0.43-0.31)

0.960

Preloading

2.29

37.40

0.40

0.77

0.40 (0.45-0.37)

0.986

DDW

5.85

38.59

--

--

0.27 (0.31-0.24)

0.977

Simultaneous

3.21

36.97

0.55

0.96

0.35 (0.41-0.31)

0.974

Preloading

2.25

33.04

0.39

0.86

0.39 (0.46-0.33)

0.959

a

Freundlich adsorption affinity, as concentration of adsorbate expressed in different units; b KF ratio of
SOC in NOM competing/preloading adsorption to that in DDW at a Ce of 1 μg/L; c KF ratio of SOC in
NOM competing/preloading adsorption to that in DDW at a Ce of 1 mg/L; d Values in parentheses are 95%
confidence interval. Since the size of the table is limited, the confidence intervals (95%) for KF are illustrated in the Appendix (Table A4.)
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Table 5.11 NOM effects on BP adsorption by CNTs
KF [(mg/g)/Cen] a
(µg/L)
(mg/L)

Rμb

Rmc

nd

r2

CNT

BP

SWNT

DDW

10.70

115.86

--

--

0.34 (0.37-0.32)

0.989

Simultaneous

1.85

96.09

0.17

0.83

0.57 (0.67-0.48)

0.950

Preloading

0.79

78.36

0.07

0.68

0.67 (0.71-0.62)

0.991

DDW

7.88

66.21

--

--

0.31 (0.35-0.28)

0.981

Simultaneous

4.49

44.95

0.54

0.70

0.33 (0.41-0.26)

0.932

Preloading

2.59

43.63

0.33

0.66

0.41 (0.47-0.36)

0.969

DDW

8.42

63.51

--

--

0.29 (0.32-0.27)

0.984

Simultaneous

3.39

44.78

0.40

0.71

0.37 (0.46-0.31)

0.944

Preloading

1.96

38.03

0.23

0.60

0.43 (0.49-0.38)

0.976

DDW

0.62

25.92

--

--

0.54 (0.57-0.51)

0.994

Simultaneous

0.39

17.07

0.62

0.66

0.55 (0.58-0.51)

0.991

Preloading

0.33

12.92

0.53

0.50

0.53 (0.57-0.49)

0.987

DDW

0.43

17.00

--

--

0.53 (0.60-0.47)

0.971

Simultaneous

0.36

14.70

0.84

0.86

0.54 (0.56-0.51)

0.995

Preloading

0.24

12.75

0.55

0.75

0.58 (0.61-0.54)

0.993

DDW

0.36

19.40

--

--

0.58 (0.62-0.54)

0.990

Simultaneous

0.31

15.83

0.88

0.82

0.57 (0.59-0.54)

0.997

Preloading

0.25

12.07

0.71

0.62

0.56 (0.60-0.52)

0.991

SWNTOH

SWNTCOOH

MWNT

MWNT
-OH

MWNT
-COOH

a

Freundlich adsorption affinity, as concentration of adsorbate expressed in different units; b KF ratio of
SOC in NOM competing/preloading adsorption to that in DDW at a Ce of 1 μg/L; c KF ratio of SOC in
NOM competing/preloading adsorption to that in DDW at a Ce of 1 mg/L; d Values in parentheses are 95%
confidence interval. Since the size of the table is limited, the confidence intervals (95%) for KF are illustrated in the Appendix (Table A5.)
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Table 5.12 NOM effects on 2PP adsorption by CNTs
KF [(mg/g)/Cen] a
(µg/L)
(mg/L)

Rμb

Rmc

r2

nd

CNT

2PP

SWNT

DDW

6.85

75.61

--

--

0.34 (0.37-0.33)

0.981

Simultaneous

2.16

48.68

0.32

0.64

0.45 (0.56-0.34)

0.917

Preloading

1.09

40.68

0.16

0.54

0.52 (0.59-0.46)

0.976

DDW

7.32

61.72

--

--

0.31 (0.33-0.29)

0.981

Simultaneous

4.49

44.95

0.61

0.73

0.33 (0.41-0.26)

0.932

Preloading

2.59

43.63

0.35

0.71

0.41 (0.47-0.35)

0.969

DDW

7.97

62.69

--

--

0.29 (0.31-0.28)

0.984

Simultaneous

3.39

44.78

0.43

0.71

0.37 (0.45-0.30)

0.944

Preloading

1.96

38.03

0.25

0.61

0.43 (0.48-0.38)

0.976

DDW

0.41

24.00

--

--

0.59 (0.61-0.57)

0.986

Simultaneous

0.23

15.56

0.55

0.65

0.61 (0.66-0.57)

0.991

Preloading

0.06

11.89

0.14

0.50

0.77 (0.82-0.72)

0.994

DDW

0.24

16.65

--

--

0.61 (0.65-0.60)

0.978

Simultaneous

0.14

11.46

0.56

0.69

0.64 (0.69-0.59)

0.992

Preloading

0.08

9.54

0.32

0.57

0.70 (0.73-0.66)

0.996

DDW

0.19

16.80

--

--

0.65 (0.70-0.61)

0.969

Simultaneous

0.13

10.71

0.70

0.64

0.64 (0.72-0.55)

0.975

Preloading

0.08

7.83

0.41

0.47

0.67 (0.73-0.61)

0.988

SWNTOH

SWNTCOOH

MWNT

MWNT
-OH

MWNT
-COOH

a

b

Freundlich adsorption affinity, as concentration of adsorbate expressed in different units; KF ratio of
SOC in NOM competing/preloading adsorption to that in DDW at a Ce of 1 μg/L; c KF ratio of SOC in
NOM competing/preloading adsorption to that in DDW at a Ce of 1 mg/L; d Values in parentheses are 95%
confidence interval. Since the size of the table is limited, the confidence intervals (95%) for KF are illustrated in the Appendix (Table A6.)
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Two parameters, Rµ and Rm, as KF ratios of SOCs in NOM simultaneous or preloading adsorption to that in DDW at a Ce of 1 µg/L and 1 mg/L, respectively, were introduced to further describe the influences of NOM on SOC adsorption. As shown in
Tables 5.10-5.12, Rµ were smaller than Rm, which demonstrated that at higher concentration of NOM relative to that of SOCs, more suppression occurred for NOM on SOCs adsorption. However, the sorption affinity of SOCs by CNTs only increased 1-3.2 times
though their concentration in NOM solution increased 1000 times from 1µg/L to 1mg/L,
indicated that the greatest competition occurred at the lowest concentration of SOCs.
From an adsorption free energy standpoint, compounds were preferentially adsorbed into
pores that were similar in size to the adsorbate because of the greater number of contact
points between the molecule and the adsorbent. At low concentration, competitive sorption of SOCs and NOM by CNTs can be dominated by the pore-filling mechanism because there are some high-energy sites in the micropores. However, at high SOC concentrations, the high-energy micropores would be occupied by adsorbates and a surfaceadsorption mechanism might play an important role in sorption on CNTs. The NOM concentration of 4 mg DOC/L used in this study was a representative DOC concentration for
surface waters in the United States, and was two to three orders of magnitude higher than
the SOCs at the lower concentration range. Therefore, NOM components were expected
to compete and occupy the high-energy sites, leading to a reduction of surface heterogeneity. In addition, the smaller R values of NOM preloading adsorption than those of
simultaneous adsorption for all three SOCs indicated preloaded NOM exhibited stronger
suppression on adsorption of SOCs by CNTs than simultaneously spiked NOM, suggest-
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ing that a longer contact time of CNT with NOM resulted in a more negative impact on
the SOC adsorption.
Different NOM effects were observed for the adsorption on the nonfunctionalized SWNTs and MWNTs. At low SOC concentrations, the NOM effects on
SOC adsorption by the SWNTs were higher than those by the MWNTs, as indicated by
the lower Rµ values of the SWNTs than those of the MWNTs. With increasing SOC concentration, the NOM effects on SOC adsorption by the two types of CNTs became comparable, as evidenced by the similar Rm values. Such difference in NOM effects between
the SWNTs and MWNTs were also supported by the Freundlich n values; for the SWNTs,
the presence of NOM led to an increase of n values, for both the planar PNT and nonplanar BP and 2PP, whereas for the MWNTs, n values was nearly unchanged for the nonplanar molecules. The difference in adsorption site accessibility can account for the difference in NOM effects between the two types of CNTs. According to the nitrogen adsorption and liquid phase adsorption analyses, the available adsorption sites of the
SWNTs for SOCs were mainly the external surface and interstitial channels of the SWNT
aggregate, whereas those of the MWNTs were mainly the external surface and inner cavities. Since the diameters of the MWNTs were several times larger than those of the
SWNTs, the lower nanocurvature of the MWNTs was responsible for the lower adsorption site energies. Thus, at low SOC concentration, the more competitive impact of NOM
molecules occurred on the interstitial channels of SWNTs, which have higher adsorption
energies, than that on the inner cavity of MWNTs. One the other hand, the tendency of
small or negligible increase in the n values of SOC adsorption by the MWNTs suggests
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that the adsorption of NOM on the MWNTs was less site-selective as compared with that
on the SWNTs.
NOM effects on adsorption of the planar PNT were quite different from those of
the other two nonplanar SOCs. The Freundlich n values of PNT on the SNWTs were
higher than those on the MWNTs, and the presence of NOM increased the n values. In
contrast, for the two nonplanar SOCs, the n values showed the opposite trend for the two
types of CNTs, and the presence of NOM did not result in significant changes in the n
values for the adsorption on the MWNTs. These results indicated that the planarity of
SOCs played an important role in their adsorption by CNTs. The reason might be the different packing behaviors of these SOCs on the CNTs. The presence of NOM competed
with the planar PNT for the high-energy adsorption sites, leading to increase of n. As for
the two nonplanar SOCs, since their structures are flexible, they can adjust their configurations to better pack in the inner cavities of the MWNTs. Therefore, adsorption of the
two nonplanar SOCs to the MWNTs, as compared with the planar PNTs, was less siteselective.
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CHAPTER 6
CONCLUSIONS
The important conclusions for each objective of this study are as follows:
Objective (1): Investigate the impact of aggregation (e.g. bundle structure) on the CNT
surface area and pore volume in the bulk phase, and subsequent SOC adsorption in
aqueous solutions.
•

Theoretical calculations and nitrogen adsorption analysis results demonstrated
that aggregation of SWNTs formed a compact bundle structure (2-3 layers, 19-37
nanotubes), leading to a significant reduction in surface area for SWNTs but an
increase in pore volume due to interstices trapped in the CNT aggregates.

•

By comparing theoretical and experimental analysis, the aggregation of MWNTs
showed a loose and random structure, which made a small difference in surface
area for MWNTs but a significant increase in macropore volume.

•

More than 80% and 90% of the pore volume was located in the interstitial channels and peripheral grooves confined in the aggregated nanotubes for SWNTs and
MWNTs, respectively.

Objective (2): Explore the roles of CNT physicochemical properties (e.g., surface area,
pore volume, morphology and functional groups) on the adsorption of SOCs.
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•

The combined analysis of SBET/SO and Vtotal/VO ratios indicated that the adsorption
of SOCs was controlled by the available adsorption surface area rather than the
pore volume. The increased pore volume of CNTs due to aggregation had no positive effects on the liquid phase adsorption of SOCs. Since aggregation reduces the
surface areas of CNTs, it is an unfavorable factor in liquid phase adsorption.

•

Both the surface area and accessibility of SOCs to the CNTs determined that the
adsorption capacity of SWNTs was much higher than that of MWNTs.

•

Surface functionalization of CNTs improved their dispersion in aqueous solutions,
but decreased their adsorption capacities for the hydrophobic SOCs, which was
attributed to the formation of water clusters around the oxygen-containing functional groups.

Objective (3): Examine the role of selected SOC properties (e.g., hydrophobicity, molecular size and configuration) on their adsorption by CNTs.
•

Adsorption of the three SOCs by all the CNTs followed the order: PNT >> BP >
2PP. Considering that the water solubility of 2PP is two to three orders of magnitudes higher than that of BP and PNT, hydrophobic interaction was not the only
factor determining the adsorption difference between them.

•

The comparison of 2PP and BP indicated that π-π EDA interaction was an important mechanism for the enhanced sorption affinity of 2PP due to –OH substitution.

•

The molecular configurations of the SOCs also played a role in their adsorption.
For SWNTs, the planar PNT would provide more attaching points with a longitu-
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dinally-parallel surface than the nonplanar 2PP and BP. On the other hand, for
randomly entangled MWNTs, the nonplanar 2PP and BP were more flexible and
could adjust their shape to better fit into the tubular spaces of the MWNTs than
the rigid PNT.
Objective (4): Investigate the importance of selected background aquatic chemistry
components (i.e., pH, ionic strength and presence of NOM) on adsorption of SOCs by
CNTs.
•

Changing the solution pH from 4 to 10 did not affect the adsorption of PNT on
SWNTs, but increasing the pH to above the pKa of 2PP hindered its adsorption by
MWNTs. This was attributed to an increase in electrostatic repulsion between 2PP
and MWNTs, a decrease in hydrogen bonding and an increase in solubility of 2PP
with increasing pH.

•

Increasing ionic strength by 0.1 M showed a slightly positive effect on the adsorption affinity of the ionic compound 2PP by MWNTs, which is partly due to the
decrease of electrostatic repulsion between 2PP and CNTs due to the screening effect of the surface charge from added salt, and partly from increased hydrophobic
interaction due to the decreased aqueous solubility of 2PP.

•

Among the three water characteristics (pH, ionic strength and NOM) examined,
NOM showed the most significant effect on SOC adsorption. The presence of
NOM, either spiked simultaneously with SOC or one-week-preloaded prior to the
spiking of SOC, greatly suppressed the SOC adsorption by CNTs. The impact on
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the SWNTs was higher than that on the MWNTs. The planarity and hydrophobicity of SOCs were two important factors that determined the effects of NOM on
their adsorption by the CNTs.

Environmental Implications
Adsorption of SOCs by CNTs was controlled by their available surface area, suggesting that SWNTs with higher surface area would uptake more SOCs in the environment as compared to MWNTs with lower surface area. The hydrophobicity and molecular configuration (functional group and planarity) of SOCs appear to be important factors
affecting their adsorption by CNTs. Among the three solution characteristics, NOM
showed the most significant effect on SOC adsorption, while solution pH and ionic
strength exhibited only slight impacts on SOC adsorption. These results indicate that
once released into natural aquatic environments, where NOM is ubiquitous, CNTs will
adsorb SOCs but with a lower adsorption affinity than in DDW. On the other hand, solution pH and ionic strength within the typical ranges in natural waters are not expected to
exert a significant effect on the adsorption of SOCs by CNTs.

Recommendations
Some recommendations for future research from this study are as follow:
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•

Fundamental properties of CNTs, such as the content of specific function groups
and surface structure, need to be studied in more detail.

•

Future studies need to consider the factors and characteristics of CNTs that impact their aggregation and thus available surface area for adsorption, which is important in the investigation of their adsorption properties.

•

Since the aggregation state of CNTs may change when introduced to water, the
additional information about aggregation characteristics of CNTs in the water
phase need to be investigated.

•

Studies of adsorption of more organic compounds such as 4-nitrobiphenyl and
naphthalene, with different benzene ring number and different functional group,
by more CNTs with different surface chemistry or different diameters, will be
useful to more clearly understand the mechanisms underlying the adsorptive
properties of CNTs.

•

A systematic comparison between CNTs and the other various types of carbonaceous adsorbents, such as activated carbon fiber and graphite, will be valuable to
select an optimal carbonaceous adsorbent in water and wastewater treatment.

•

Since more and more CNTs will be released into the environment, where NOM is
ubiquitously present, further investigations are needed to focus on the interactions
between CNTs and the different fraction of NOM with defined properties, such as
structural components. Monitoring the aggregation behavior of CNTs in NOM solution should be included in future study as well.
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Figure A1. The effect of various pH on adsorption of PNT by non-functionalized SWNT.
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Figure A2. The effect of various pH on adsorption of PNT by SWNT-COOH.
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Figure A3. The effect of various pH on adsorption of 2PP by non-functionalized MWNT.
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Figure A4. The effect of various pH on adsorption of 2PP by MWNT-COOH.
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Figure A5. The effect of various ionic strength on adsorption of PNT by nonfunctionalized SWNT.
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Figure A6. The effect of various ionic strength on adsorption of PNT by SWNT-COOH.
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Figure A7. The effect of various ionic strength on adsorption of 2PP by nonfunctionalized MWNT.
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Figure A8. The effect of various ionic strength on adsorption of 2PP by MWNT-COOH.
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Figure A9. The effect of NOM on adsorption of PNT by hydroxyl functionalized SWNT
and MWNT.
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Figure A10. The effect of NOM on adsorption of PNT by carboxyl functionalized SWNT
and MWNT.
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Figure A11. The effect of NOM on adsorption of BP by hydroxyl functionalized SWNT
and MWNT.
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Figure A12. The effect of NOM on adsorption of BP by carboxyl functionalized SWNT
and MWNT.
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Figure A13. The effect of NOM on adsorption of 2PP by hydroxyl functionalized SWNT
and MWNT.
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Figure A14. The effect of NOM on adsorption of 2PP by carboxyl functionalized SWNT
and MWNT.
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Table A1. Freundlich isotherm parameters of SOC adsorption on CNTs
KF [(mg/g)/Cen] a
(µg/L)
(mg/L)

SOC

CNT

PNT

SWNT

17.20 (21.35-13.85)b 285.34 (385.25-211.34)

SWNT-OH

16.55 (20.65-13.26) 237.56 (315.28-178.99)

SWNT-COOH

15.98 (21.03-12.14) 206.02 (288.45-147.14)

BP

2PP

MWNT

7.83 (8.94-6.87)

58.00 (63.59-52.90)

MWNT-OH

5.66 (6.72-4.78)

48.49 (53.76-43.75)

MWNT-COOH

5.85 (6.91-4.95)

38.59 (42.50-35.04)

SWNT

6.33 (8.31-4.82)

125.04 (147.57-105.95)

SWNT-OH

7.35 (9.49-5.69)

104.30 (122.13-89.07)

SWNT-COOH

7.70 (9.57-6.20)

95.99 (109.76-83.94)

MWNT

0.45 (0.56-0.35)

29.83 (32.05-27.76)

MWNT-OH

0.26 (0.38-0.18)

20.95 (23.32-18.82)

MWNT-COOH

0.33 (0.42-0.26)

21.68 (23.27-20.20)

SWNT

6.75 (8.28-5.49)

71.16 (78.76-64.30)

SWNT-OH

7.45 (8.52-6.51)

55.72 (59.48-52.19)

SWNT-COOH

7.64 (9.43-6.19)

62.08 (68.89-55.94)

MWNT

0.34 (0.47-0.24)

22.44 (24.49-20.56)

MWNT-OH

0.15 (0.18-0.13)

15.67 (16.36-15.02)

MWNT-COOH

0.14 (0.16-0.12)

16.50 (17.24-15.78)

a

Freundlich adsorption affinity , as concentration of adsorbate expressed in different units; b Values in
parentheses are 95% confidence interval.
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Table A2. Freundlich isotherm parameters of SOC adsorption in different solution pH
SOC

CNT

PNT

SWNT

SWNT-OH

SWNT-COOH

2PP

MWNT

MWNT-OH

MWNT-COOH

pH

KF [(mg/g)/Cen] a
(µg/L)
(mg/L)

4

15.96 (19.12-13.32) b 299.52 (383.19-234.12)

7

17.20 (21.35-13.85)

285.34 (385.25-211.34)

10

17.82 (21.73-14.62)

286.79 (379.17-216.91)

4

16.74 (20.54-13.65)

221.89 (287.83-171.06)

7

16.55 (20.65-13.26)

237.56 (315.28-178.99)

10

16.34 (21.31-12.53)

214.58 (300.87-153.03)

4

15.30 (18.06-12.95)

188.00 (227.83-155.13)

7

15.98 (21.03-12.14)

206.02 (288.45-147.14)

10

14.34 (17.56-11.71)

195.28 (246.37-154.79)

4

0.17 (0.30-0.10)

28.51 (33.27-24.44)

7

0.19 (0.31-0.12)

30.98 (35.83-26.79)

11

0.14 (0.29-0.07)

23.75 (29.41-19.17)

4

0.14 (0.17-0.11)

16.54 (17.73-15.43)

7

0.15 (0.20-0.12)

18.81 (20.36-17.38)

11

0.04 (0.06-0.02)

12.73 (14.37-11.27)

4

0.084 (0.152-0.046)

23.13 (27.41-19.52)

7

0.105 (0.202-0.055)

25.00 (30.16-20.72)

11

0.036 (0.089-0.014)

19.82 (25.62-15.34)

a

Freundlich adsorption affinity , as concentration of adsorbate expressed in different units; b Values in
parentheses are 95% confidence interval.
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Table A3. Freundlich isotherm parameters of SOC adsorption in different solution IS
SOC CNT
PNT SWNT

SWNT-OH

SWNT-COOH

2PP

MWNT

KF [(mg/g)/Cen] b
(µg/L)
(mg/L)

IS a
(M)

0.001 16.14 (18.11-14.38)c 247.67 (285.77-214.66)
0.01 17.83 (21.20-15.00)

256.23 (320.96-204.57)

0.1

17.29 (19.18-15.59)

242.71 (276.90-212.75)

0.001 16.90 (22.14-12.90)

212.06 (298.32-150.74)

0.01 16.70 (21.83-12.77)

211.88 (296.25-151.53)

0.1

16.82 (22.14-12.78)

228.36 (324.53-160.69)

0.001 16.06 (20.53-12.56)

195.52 (266.19-143.62)

0.01 14.16 (18.56-10.80)

216.62 (300.96-155.91)

0.1

209.19 (284.80-153.66)

15.64 (19.99-12.24)

0.001 0.18 (0.23-0.13)

22.75 (24.56-21.08)

0.01 0.30 (0.35-0.26)

20.81 (21.71-19.95)

0.1

0.33 (0.37-0.30)

28.39 (29.22-27.58)

0.001 0.09 (0.11-0.07)

15.83 (17.00-14.74)

0.01 0.08 (0.10-0.07)

17.14 (18.00-16.31)

0.1

0.10 (0.13-0.08)

20.85 (22.42-19.38)

MWNT-COOH 0.001 0.10 (0.14-0.07)

19.69 (21.86-17.74)

0.01 0.11 (0.13-0.09)

21.38 (22.65-20.18)

0.1

23.41 (24.75-22.14)

MWNT-OH

0.12 (0.15-0.10)

a

Ionic strength, in units of mol/L; b Freundlich adsorption affinity , as concentration of adsorbate expressed
in different units; c Values in parentheses are 95% confidence interval.
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Table A4. NOM effects on PNT adsorption by CNTs
CNT

PNT

SWNT

DDW

SWNT-OH

SWNT- COOH

MWNT

MWNT-OH

MWNT-COOH

KF [(mg/g)/Cen] a
(µg/L)
(mg/L)
17.19 (21.35-13.85)b

285.34 (385.25-211.34)

Simultaneous

4.39 (5.42-3.55)

249.90 (297.00-210.27)

Preloading

1.81 (2.41-1.35)

181.94 (219.07-151.10)

16.55 (20.65-13.26)

237.56 (315.28-178.99)

Simultaneous

4.87 (6.91-3.44)

219.45 (290.82-165.60)

Preloading

3.21 (4.83-2.13)

197.67 (266.35-146.70)

15.98 (21.03-12.14)

206.02 (288.45-147.14)

Simultaneous

5.50 (7.48-4.04)

194.83 (251.08-151.19)

Preloading

2.75 (3.36-2.25)

135.56 (154.45-118.99)

DDW

7.83 (8.94-6.87)

58.00 (63.59-52.90)

Simultaneous

3.67 (4.98-2.70)

43.61 (51.29-37.07)

Preloading

2.85 (3.70-2.19)

39.81 (45.46-34.87)

DDW

5.66 (6.72-4.78)

48.50 (53.76-43.75)

Simultaneous

3.30 (4.45-2.45)

39.55 (46.11-33.92)

Preloading

2.29 (2.79-.88)

37.40 (41.13-34.00)

DDW

5.85 (6.91-4.95)

38.59 (42.50-35.04)

Simultaneous

3.21 (4.06-2.54)

36.97 (41.65-32.81)

Preloading

2.25 (3.13-1.62)

33.04 (38.62-28.26)

DDW

DDW

a

Freundlich adsorption affinity , as concentration of adsorbate expressed in different units; b Values in
parentheses are 95% confidence interval.
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Table A5. NOM effects on BP adsorption by CNTs
CNT

BP

SWNT

DDW

SWNT-OH

SWNT-COOH

MWNT

MWNT-OH

MWNTCOOH

KF [(mg/g)/Cen] a
(µg/L)
(mg/L)
10.70 (12.38-9.26)b

115.86 (126.75-105.91)

Simultaneous

1.85 (3.28-1.04)

96.09 (120.59-76.56)

Preloading

0.79 (1.05-0.59)

78.36 (86.58-70.92)

DDW

7.88 (9.84-6.31)

66.21 (72.05-60.84)

Simultaneous

4.49 (7.24-2.79)

44.95 (52.28-38.65)

Preloading

2.59 (3.81-1.76)

43.63 (48.99-38.85)

DDW

8.42 (10.22-6.93)

63.51 (68.58-58.82)

Simultaneous

3.39 (5.50-2.09)

44.78 (51.92-38.62)

Preloading

1.96 (2.80-1.38)

38.03 (42.16-34.30)

DDW

0.62 (0.76-0.52)

25.92 (27.46-24.46)

Simultaneous

0.39 (0.49-0.31)

17.07 (18.30-15.91)

Preloading

0.33 (0.44-0.25)

12.92 (14.01-11.92)

DDW

0.43 (0.67-0.28)

17.00 (19.32-14.96)

Simultaneous

0.36 (0.44-0.30)

14.70 (15.48-13.96)

Preloading

0.24 (0.29-0.19)

12.75 (13.57-11.97)

DDW

0.36 (0.46-0.27)

19.40 (20.99-17.93)

Simultaneous

0.31 (0.36-0.27)

15.83 (16.51-15.17)

Preloading

0.25 (0.33-0.20)

12.07 (12.98-11.22)

a

Freundlich adsorption affinity , as concentration of adsorbate expressed in different units; b Values in
parentheses are 95% confidence interval.
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Table A6. NOM effects on 2PP adsorption by CNTs
KF [(mg/g)/Cen] a
(µg/L)
(mg/L)

CNT

2PP

SWNT

DDW

6.85 (7.68-6.11)b

75.61 (81.22-70.38)

Simultaneous

2.16 (4.45-1.05)

48.68 (60.21-39.37)

Preloading

1.09 (1.69-0.71)

40.68 (46.00-35.98)

DDW

7.32 (8.17-6.55)

61.72 (66.10-57.64)

Simultaneous

4.49 (7.24-2.79)

44.95 (52.28-38.65)

Preloading

2.59 (3.81-1.76)

43.63 (48.99-38.85)

DDW

7.97 (8.76-7.25)

62.69 (66.51-59.08)

Simultaneous

3.39 (5.50-2.09)

44.78 (51.92-38.62)

Preloading

1.96 (2.80-1.38)

38.03 (42.16-34.30)

DDW

0.41 (0.48-0.35)

24.00 (25.59-22.50)

Simultaneous

0.23 (0.30-0.17)

15.56 (16.84-14.38)

Preloading

0.06 (0.08-0.04)

11.89 (12.87-10.99)

DDW

0.24 (0.30-0.20)

16.65 (18.04-15.36)

Simultaneous

0.14 (0.18-0.10)

11.46 (12.38-10.61)

Preloading

0.08 (0.09-0.06)

9.54 (10.10-9.02)

DDW

0.19 (0.28-0.13)

16.80 (18.57-15.20)

Simultaneous

0.13 (0.22-0.08)

10.71 (12.24-9.37)

Preloading

0.08 (0.11-0.05)

7.83 (8.62-7.11)

SWNT-OH

SWNT-COOH

MWNT

MWNT-OH

MWNT-COOH

a

Freundlich adsorption affinity , as concentration of adsorbate expressed in different units; b Values in
parentheses are 95% confidence interval.
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